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ABSTRACT

Semi-empirical methods are presented for calculating the sound pressure level in a int niear
noise field, including tempersture and Mach number effecis. A digital computer program
for calculating constant SPL contours for the overall ond octave-bund frequencies is
incorporated. Machine~-plotted contours from model et tests for a basic jet, VTOL jet,
deflected jet, and jet with ejector are included. Resuits of tip~turbine fan tests are given,

Crvise fan, VTOL shroud fan, and wing-mounted cenfigurations were tested.
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SECTION |

INTRODUCTION

There have been a number of experimental investigations of the near noise field of both
feli-scale and model jet engines (References 1-5, 7). Each investigation hod its merits
and usefulness in the development of near~field noise prediction techniques. From the
viewpoint of the engineer who is frequently confronted with the {ask of detailed noise pre-
diction for hypothetical engines, however, the state-of-the-art lacks a unified prediction
technique which has proven accuracy.

Existing near-field woise prediction techniques use base point noise data taken from
fuli-scale engines or scaled models with similar configuration and operational character~
istics. Effects on sound pressures ¢ -eated by differences in engine operational pcrameters
such as exhaust velocity, exhaust temperature, pressure ratio, 10zzle configuration, and
nozzle diameter are accounted for by applying similarity laws derived from existing data.
To mdke an assessment of the effect of noise on flight vehicle structure, an accurate
description of the near noise field in the presence of the structure is needed. Consequently,
more than just a few isolated data points in the near field are required. In fact, enough
data must be provided so that zontour mapping of the near-field sound pressures can be
accomplished.

This investigation used a highly automated method of obtaining a volumincus amount of
noise data from models of a tip-turbine fan engine and jet engines which are projected for
use in the next decade. A thorough parametric variation was made for each engine
configuration, encompassing the entire expected operational range. This included inde-
pendent variations of exhaust temperature, pressure ratio, ard fan ipm (for the tip-turbine
fan). Charts, contour plots, and 1/3-octave band analyses were devised from the parameter
variations. Using the measured noise data, an accurate prediction technique was developed
for the near noise field of subsonic, sonic, and supersonic jets.

Section !l is a comprehensive survey of the propulsion systems anticipated within the next
decade. This is considered a very important aspect of the overall program, since realism
ir model design is essential. Section Il presents the results of the investigation of the
near noise field of jets, highlighted by the prediction techniques. Section IV presents the
results of the investigation of the near noise field of tip-turbine fans. Both VTOL and
cruise conditions are describzd. Jet engine design details and sound pressure level
contours are given in Appendix | and Appendix II.




SECTION |l
SURVEY OF FUTURE PROPULSION SYSTEMS

During the early portion of this study, it became oovious that the trend to larger and more
powerful, higher-velocity powerplants was being accelerated considerably, bringing an
equal rise in the level of the acoustical environment. It was recognized at the initiation
of the program that the present methoas of predicting noise parameters were not adequate
to analyze the type of propulsion systems being contemplated for the next 10 years. Since
theoretical approaches to this problem weie not complete, an experimental program was
needed to obtain empirical data for predicting the noise fields. The problem then became
one of establiching the range of operction of the parameters affecting noise level (such as
pressure ratio, temperature, and Mach number).

The survey revealed that the following types of propulsion systems are being contemplated:
o Afterbuming Turbojets

Duct-burning Turbojets

High-Bypass~Ratio Fanjets

Lift/Cruise Fans

Turbo-Ramjet Systems

Each of these is discussed ir detail below.

Afterburning Turbojets

The ofterburning turbojet idea is not new, but the futuristic system envisions much higher
pressure ratios and very high temperatures. This type of powemplant is likely to be found
on advanced fighter/interceptor aircraft systems as well as on commercial vehicles such as
the supersonic transport. The survey indicated that exhaust nozzle pressure ratios in
excess of 3.5 would be required with temperature levels exceeding 3000°F.

Duct-Buming Turbojets

The duct-burning turbojet system was primarily concelved for the supersonic transport.

The feature that distinguishes this progulsion system from the others is that the jet efflux
contains a relatively cool center core and a very hot outer core or annular jet. Efficiency
is the reason for selecting it, s the combustion processes could be better controlled in the
duct as compared to an afterbumer. The resulting geometry, however, is very complex.
The pressure ratios and tempercture levels fall slightly below that of the offezuming

turbojet.

High-Bypass-Ratio Fonjets

The high-bypass-ratio fanjet is an extension of an existing concept, with the principal
purpose of increasing thrust levels as well as afficiency. This type of propulsion system is
likely to be found in aircraft systems such as the C~5A und large commercial vehicles.
Pressure ratios and temperature are low compared to the afterbuming and duct-buming
turbojets.
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Lift/Cruise Fans

The lift /cruise fan configuration was chosen as the represeniative powerplant from the
V/STOL field. Other V/STOL propulsion systems such as tilt wing props, helicopters, and
e

lift iete were considered to be conventional systems. The 1ifi /cuise fans preseni nothing
unusual in temms of pressure ratio and temperature levels. However, the effect of the
annulus of hot air in the exhcust is an unknown, and its effect on noise is thought to be

significant.

Turbo-Ramjet Systems

The turbo-ramjet system is considered a possible powerplant for very futuristic suborbital
vehicles. This system is much like the simple turoojet, but with slightly higher exhaust
velocity (higher pressure ratio and temperature levels). Complete infqmation on this
system is not available since the propulsion system has not been completely defined. One
consideration was the use of hydrogen as a fuel, which may introduce another parameter to
those already established as controlling the noise generation.

The range of operation of the controlling parameters (pressure ratio, temperature, and
Mach number) of all the systems mentioned above were defined. Then two model power-
plants capable of representing all of the systems were conceived.

e e e e st SR OSRGARA




SECTION 1l
NEAR-FIELD NOISE FOR JET ENGINES

The infent of this section is to present the experimental and empiricol analyses for near~
field jet noise, such that the final result provides the capability of calculating free-field
sound pressure level contours, within acceptable error limits.

A. [Introduction

It is possible fo define most phenomena to a given degree of dccuracy by experimental
methods if the following infomation is known:

1. What is to be defined (i.e., sound pressure level).

2. The physical boundaries.

3. The controlling parameters - this is the most important.
4

. Is instrumentation available for measuring ond recording the phenomenon — if so,
is it accurate enough?

5. Can rhe contolling parometers be measured or accurately calculated from other
mes wyred data? This was alinost the downfall in the present study. It was found
that themmocouples to measure exhaust temperatures above 3000°F, in a highly
oxidizing atmosphere, were very difficult to cbtcin.

In previou: siudies conducted to determine the near noise field, items 1, 2, and 4 were
capably deait with, but 3 and 5 have been slighted. In Reference 5 it was stated that the
engine operationai parameters were in the correct range. This is hardly adequate as one
wishes to relate the sound pressure to the engine parameters.

After a thorov ;! study of the controlling characteristics of turbojet engines, it was
deteimined that the two major independent variabies which most adequately describe the
state of the jet exhaust are local exhaust Mach number (or exhaust pressure ratio) and
exhaust tailplane temperature. In a more refined anclysis, it will be necessary *o include
such parameters as velocity profile, temperature profile, and nozzle shape. These
variables were excluded (or fixed) from the basic study in an effort to empirically relate
the sound pressure to the two major indeperdent voriogles.

An aitempt hus ciso been made to detemine gquuiitatively the effects of such operational
constraints as a reflecting ground rlone for both a nomal jet and a VTOL jet. An ejector
configurarion and two tuming vane configurations were also tested.

The following sections give the engine design philosophy, the test description and data
reduction, a discussion of the test results, the analysis, the computer program (which most
facilities should be able to use, since the subprograms have been rewritten in non-
machine-orientated language), and the comparison of predicted data with both the model
erc ne measurements and with available full-scale turbojet data.




B. Engine Design Philosophy

As stated in Section 11, many variables and many power plants had to be considered. In
the initial pianning stages of this research, it was thought that several different engine
types would be modeled as accurately as possible. Then the noise characteristics of
specific engines couid be reporied.

After studying the proposals for 50 or more advanced propulsion systems, it was decided
that selection of the engines to be used would tend to be arbitrary and inexact. Therefore,
a chart was made up which listed the basic parameters peculiar to each of these systems,
where possible (many of the designs were clossified). The parameters included exhaust gas
temperature (tailplane temperature), exit velocity and nozzle pressure ratio, estimates of
velocity and temperature profiles, and bypass ratios.

Figure 1 is an envelope plot of the exhaust tailplane temperature versus Mcch number
which encompasses the operational conditions of all the proposed systems surveyed. Near-
field noise data had been reported for the J57 ana {79 engines (References 2, 3, and 19).
The operational conditions for these data are plotted on the chart. However, the know~
ledge of near~field noise characteristics of a basic jet which operates within this envelope
was almost fotally lacking except for the isolated points. The decision was then made to
tuild 4 model engine which operates within end te the limits of the envelope of Figure 1.
The proposed data points for acquiring near field noise data are shown as circles. It was
also decided that such effects as velocity profiles and temperature profiles could not be
studied until the basic jet was more thoroughly defined. From this concept a model jet
engine was designed, and the process included some of the most advanced techniques.

For instance, transpiration and film cooling techniques were used. Further, a multi-
purpose screech liner was used fo prevent combustion screech and implement the film
cooling of the engine case and nozzle. Design details are included in Appendix I.

All free-field tests were run with the engine exhausting upward to prevent ground
reflections. To include the effect of ground reflections in the experimental data; an
8' x 12' simulated ground plane was built.

Some of the future system proposals surveyed included jet engines with deflecting vanes
for VTOL operation. The configuration of the vanes was rother nebulous; therefore, to
determine qualitatively the effects of vanes on near-field :woise, a simple plate was used
to deflect the flow. Two angles of defiection were chosen, and the deflected jet flow was
difected foward the simuiated ground plane.

Other propulsion system configurations included a thrust-augmenting ejector, designed and
constrycted by the airfraine manufacturer. One configuration of the ejecior was built to
give a qualitative effect on the noise field of a supersonic nozzle.

VTOL jets are presently being installed in several VTOL aircraft. For instance, a new
configuration that was studied includes four JI-12 engines for vertical 1lift
with two JT-1Z engines cperating in a deflected jet VTOL mode. To simulote this condi-
tion, the model engine was mounted in the VTOL position in @ c-intinuously adjustable test
rig. (This configuration is shown in the Test Description of this Section.)
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C. Experimental Program - Near Field Jet Noise

1. Test Procedure

One requisite of the near-field jet noise test was a completely systematic, and where
possible, automatic recording of all data, both sound pressure levels and engine operational
parameters. The high quality of the results obtained justified the considerable amount of
pretest planning needed to achieve the desired system.

In the model engine design stage, there was some indication tha: engine operation over
five minutes long might exceed the life of the engine nozzles for the high-temperature runs.
Therefore, u trolley to hold and move the microphones was designed and built. This trolley
(shown in Figure 2) holds 12 microphones simultaneously. It rolls on three triangular rails
and may be freely positioned in a lateral or radial direction. The verticul rod to which

the microphones are attached is adjustable to an angle of 20 degrees with respect ~ the
vertical . This allows the vertical array of microphones to assume a position paralle! to the
jet expansion boundary.

The angle of jet flow boundary was experimentally detemined by measuring flow velocit
at positions along the boom in the near~flow region. The jet expansion angle was defin
when the veiocity at the uppermost microphone position was 50 percent of the velocity
halfway down the boeri. The average value of this engle for all jet nozzle configurations
tested was 7.5 degrees.

The microphones used in the test were very sensitive to environment. The temperature
specification was below 200°C for continuous operation. Since the exhaust gas tempera-
ture was expected to reach nearly 4000°R, a radiated temperature profile was measured
along the 7.5-degree boundary. Figure 3 is a plot of the temperature indicated on dummy
microphones placed aiong the boundary.

The high temperatures recorded resulted in a decision to bring the microphones no closer
than 1.5 exit diameters from the exhaust boundary. Although this resulted in a loss of the
highest sound pressure levels generated at the source, the loss of these data is not con-
sidered serious, since most aircraft structures will be over one diameter from the boundary .

The microphones were attached with rubber-sleeved Adel clamps to the mourting angles
welded to the boom as shown in Figure 4. The grid of microphone positicns covered an
area from 3 diameters upstream of the exit plane to 24 diameters downstream. The radial
distance covered was 1.5 diameters from the 7.5° boundary out to 19.5 diameters from the
boundary. The microphones were spaced on an isotropic grid of 3 exhaust diameters. The
result was the 70-point grid shown in Figure 5.

2. Acoustic Instrumeantation

The premise of acoustic modeling is that frequancy ircreases as size is decreased. To
measure the scaled frequency spectrum that would nomally be associated with a full-scale
iet engine requires extremely high-frequency instrumentation, especially when the madel
is 3.50 inches in diameter and full-scale engines may be as large as 96 inches in diomeier.

The micropkones selected were Bruel and Kieer 1/4-inch, high-intensity, high-frequency-
response, Model 4131, microphones. The high~frequency response is above 100 KHz.
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To amplify and record these high-frequency signals also required some special equipment.
Hewlett-Packard Model 3872-A D.C. to 80 Kiiz differential amplifiers were used to
condition the micophone signals before recarding on tape. Figure 6 is a block diagram of
the instrumeritation set-up.

Before each day's run, a 140-decibel calibration signal was inserted intc each microphone.
The microphone output was recorded on the CEC tape recorder at 60 ips. The calibrator
used was a Photocon Model PC 125.

Before each data run, the output of each microphune amplifier was visually monitored on a
true ms voltmeter, and the amplifier gain was changed when necessary. The ampliifier
gains, in conjunction with the pre-recorded calibrated signals, were used to detemine
absolute sound pressure levels.

A time-code signal was recorded on one track of the tape recorder. This reduced the

time required to search out a data run in later analysis. A 100-KHz reference signal was
recorded on another channel as a precaution in case fape speed shoyld change.

3. Engine Instn'entation

The required instrumentation for the gas generator was established by detemining the
functions it had to perform. |t was necessary to monitor skin temperature in the gas
generator so that malfunctions, such as hot spois, could be detected quickly. Also, the
nozzle performance had to be assessed.

The following instrumentation existed for the data acquisition phase of the test:

Total Inlet Pressure - This consisted &f a total pressure probe installed ct the inlet of the
gas generator. This pressure was used to set the exhaust nozzle total pressure. A caiibra-
tion was necessary to obtain a relationship between engine inlet and nozzle inlet pressures.
The use of engine inlet pressure to set nozzle inlet pressure avoided placing pressure

probes in the hot gas stream.

Combustion Liner Skin Temperature - Four "skin" themocouples were installed on the
combustion liner to monitor its operating temperature, which was limited to 1800°F, and
to locate any hot spots produced from improper combustion processes.

Gas Temrperature ~ A traversing, water-coolad themmocouple was used to obtain the gas
temperature and the temperature profile of the combustion products. This themocouple was
located at the inlet of the exhaust nozzle, although the data were to be correlated to
nozzle exit conditions. It seemed inadvisable to place the themoccuple at the nozzle
exit plane due to supersonic flow conditions (trailing shocks would have affected the noise
data). The assumption was made that the nozzle would perform in a nearly isentropic
mannler and that temperature and temperafure profiles would not be affected throughout the
nozzle.

~

P:ior to the installation of the water-cooled themmocouple, other schemes using ceramic
insulation were attempted without success.

Nozzie Exit Static Pressure - This pressure was used to assess the over/under expansion of
the nozzle. Tt was aiso used 1o define the total pressure at the nozzle inlet plane by
varying the inlet pressure of the gas generator until the nozzle exit pressure approached
ambient conditions.

12
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Description of Tests

Thirty~four test runs were made with the jet engine models. Seventy microphone positions
ware recorded for each test. Table | is a tabulation ot the busic engine run conditions.
Sixteen runs were made to give qualitative effects of ejectors, ground planes, deflecting
~anes, and ground proximity for VTOL jets. These run conditions ore listed in Table Il.

~

A: stated in Section Il, the two major operaiionial parameters which characterize the
energy staic of o iet enaine are the nozzle pressuse ratio (Viuch number) and exhoust gas
temperature. Figure 7 shows the engine operationcl envelope. The Mach 0.80 and Mach
1.00 data points were taken with the sonic nozzle configuration. The Mach 1.25 and
Mach 1.50 data points were obtained with the respective nozzle configurations. The
Mach 1.59 data points were taken with the Mach 1.50 nozzle configuration operating in

an overexpanded cendition.

Figure 8 is a photo of the Mach 1.50 nozzle in operation. The temperature of this rur was
approximately 3000°R. The visible hot exhaust gases extend ahout 12 diameiers cownstream
of the exit plane. The background shown in this photo is over 50 feet from the engine
mode!. The closest reflecting surface during any of the tests was over 100 nozzle exit
diometers away.

Figure 9 shows the nozzle~ejector configuration. Here again, the background was far
enough avray to provide no reflections for the acoustic near-field.

A schematic drawing of the jet deflector vane is given in Figure 10. The distance from
the nozzle exit plane to the center of the deflecting vane was held constant when the
vane angle was changed.

The VTOL jet test rig is shown in Figure 11. The height of the jet exit plane above the
ground plare is continuously varicble from 2 to 20 diameters.

D. Data Reduction and Presentation

One of the primary reasons for the lack of information on characteristics of the near noise
field of jet engines is the failure fo provide an accurate, consistent presentation of the
data.

Near-field ncise is extremely complicated. This makes reduction of the noise
characteristics to a single number value, such as total acoustic power, very uninformative
and almost unrelated to sound pressure level at a given fieid point. This is why Howe's
(Reference 3) method of constant level contours for each frequency band is an extremely
useful presentation.

The contours provide a very clear picture of levels to be expected, as well as trends and
characteristics of the field.

The contour plots have some serious disadvantages, if they must be done manually. 1t is
difficult and time-consuming to obtain accuracy and consistency. For these reasons, an
automatic data processing system was developed to produce a contour map of the near-field
sound pressure levels. Basically, ihe system consists of four major steps:

1. The tape-recorded data are fed through a frequency anclyzer which provides
simultaneous output for all bands. The analyzer used in this system had eight

14
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TABLE |
BASIC ENGINE RUN CONDITIONS

Thrust Nozzle Speed of
Lest N'\\?Ch T%’Ep : (calculated) pressure sound fx:::‘;:f
0. o. Ibs. ratio FPS € 4
17 0.80 570 116 1.53 117¢ 936
22 0.80 1260 119 1.54 1715 1372
19 0.80 2817 113 1.53 2516 2013
20 0.80 2943 112 1.53 2570 2056
16 1.00 575 171 1.89 1175 1175
22 1.00 1290 184 1.89 1734 1734
18 1.00 2823 172 1.89 2518 2518
21 1.00 2915 172 1.88 2557 2557
12 1.25 580 277 2.61 1156 1445
11 1.25 1360 282 2.58 1777 2221
10 1.25 3069 258 2.60 2621 3276
9 1.25 3671 253 2.59 2860 3575
8 1.49 560 377 3.61 1160 1740
2 1.51 1360 393 3.73 1785 2677
6 1.49 1985 382 3.61 2126 3188
5 1.51 2460 380 3.74 2356 3534
3 1.50 2960 381 3.66 2528 3873
7 1.50 2960 381 3.69 2528 3873
4 1.52 3460 376 3.77 2784 4176
34 1.59 3735 399 4.20* 2885 4590
35 1.59 3865 401 4.18* 2930 4660

*Nozzle was designed for pressure tio of 3.67.
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TABLE Il
RUN CONDITIONS FOR VARIOUS CONFIGURATIONS OF THE BASIC ENGINE

] Thrust Nozzle | §
z peed of
Test Configuration .:;f:t hﬁ’:h T%r'r;p. (calculated) | pressure| sound Exlhcnfst
: : Ibs. ratio Fps | veloctly
Mach 1.25 nozzle
w/ejector 13 | 1.25] 555 1155 1443
Mach 1.25 nozzie
w/ejector 15 {1.25] 1280 1737 2172
Mach 1.25 nozzle
w/ejectsr 14 | 1.25] 2993 2589 3236
Ground plane 5 diameters
from engine centerline 24 11.00} 1300 185 1.89 1740 1740
Ground plane 5 diameters
from engine centerline 25 10.80] 1315 118 1.53 1749 1399
Ground plane 5 diameters
from engine centerline 26 {1.00; 2816 171 1.89 2517 2517
Ground plane 5 dianeters
from engine centerline 27 1 0.80| 2824 108 1.53 2519 2015
Ground plane 10 diameters
from engine centerline 28 | 1.00| 2847 171 1.89 2528 2528
Ground plane 10 diameters
from engine centerline 29 10.80| 2821 112 1.53 2518 2014
45° jet defiecting vane
with ground plane @
5 diameters 30 ; 1.0G| 1275 183 1.89 1724 1724
45° jet deflecting vane
with ground plane @
10 diometers 31 |1.00{ 1295 183 1.89 1737 1737
30° jet deflecting vane
with ground piane @
10 diameters 32 11.001} 1270 183 1.89 1722 1722
VTOL engine with nozzle
3 diameters above ground
plane 36 | 1.00] 530 n 1.8% 1135 1135
VTOL engine with nozzie
6 diameters above ground
plane: 37 11.00] 530 171 1.89 1135 1135
VTCL engine with nozzle
9 diameters above ground
plane 38 |1.00| 530 171 1.89 1135 1135
16
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simultaneous octave ksiids and an overall band. The data had been recorded at
60 inches per second and contained data up to about 80 KHz. The upger cutoff
frequency of the highest octave band was 10 KHz . To resoive this difference, the
tape speeds were slowed by a factor of eight before analysis.

2. The frequency bands are converted into DC with a short time constant and fed
into a 10~channel digitizing unit. Fifty-four samples were recorded for each
data point in each frequency band.

3. The digital data samples are converted into ms sound pressure levels and a
polynominal surface (cutic) is fitted through the data.

4. After the surface fit, many thousands of data points are calculated, and then the
coordinates of constant-level contours are determined and plotted with a Cal.
Comp. Model 765 incremental X~Y plotter. Figure 12 shows a typical output
from the plotter. The contours, headings, contour identification, axes, and oxis
scaling are ull accomplished in one operation by the plotter.

The advantage of this type of computerized display is obvious. The chance of intioducing
errors is greatly reduced, accuracy is increased, and consistency is introduced and
maintained.

All the jet noise data obtained during this series of tests are presented in this manner.

A complete set of contours for the overall and zeven octave bands is given in Appendix Il.
The eighth octave band is not presented because of inconsistencies in the plots. |t appears
that the microphones did not have uniform high-frequancy response (above 40 KHz).

E. Semi-Empirical Analysis

Over 1,000 techrical papers, reports, and books have been published on the subject of jet
noise. This collection of research originated with M. J. Lighthill in 1952 (Reference 10).
His solution has been discussed, nodified, or extended in many of the subsequent works.

Papers on near-field noise are only a small portion of the total collection on jet noise.
References 1 through 6 provide some fairly useful information for predicting near-field
noise based on measured data.

The only papers concerned with analytical methods are References 5 and 6. In Reference
5, Doh(en presents measured noise data and compares with results calculated from the
theory of Franz (which is an extension of Lighthill's Theory), Reference 6.

Franz utilized the Lighthill solution (Equations 11 and 15, Reference 10) and obtained an
expression for the sound pressure in the near field. The Lighthill solution used was:

F. 2 1.
[ @) - Y] g

where Fi(—, t) is the ith component of the instantaneous applied force or acoustic dipole
strength per unit volume at time t and at point y in the turbuient region,

T..(y,t) is the ij component of the instantaneous applied stress or acoustic quadrupole
R strength per unit volume af time t and at point y in the turbulent region,

22




W3LSAS ONISSIDO¥d VIVA 1dS DILYWOLNY WO S 107d T¥DIldAL “Z1 NDH

se [1)4 S o1 s D 8-
b o e . Y o o Yal
+
Q~Y’\
[4)]
) ho T
9 \/X"
]2 ¢ d <0 b—r- g
19 Zh
D
GS € Sh-¢ 65171
hse 63s 0ush -pone

ey S e il A |

fi

01

st

g¢e

23




LA,
e

r=|x -yl.

The expanded solution contains (1 =~ M cos 6)."l terms and are, therefore, not realistic
when M cos 8 is near 1. The solution is also given in terms of quadrupole strength (which
can be related to turbulence velocity). Although it is a logicai approach, these short-
coming: make practical applications impossible at high Macri numbers.

In Reference 2, Hermes and Smith presenr the most correlated set of jet noice data
available. The data were measured in the near field of a J57-P21 for five different
operating conditions: 50%, 70%, 96%, and 100% military thrust and afterburner. Afier
removal of the effects of the reflecting ground plane by using Howes method (Reference 7),
the directional characteristics of the data were removed in the annular region from 30° to
90° to the jet axis. The method used to take out directional effects is described by Ribner
(Reference 8, pp 126-131). After nomalization of the data for directionality, a velocity
exponent was calculated for all the data points in the near field. The exponents ranged

from 2.7 to 7.2; however, the median was 5.5 and the 80 percentile limits were 5.0 and
6.0.

Of cii ihe references available, Reference 2 presents the most valid method for estimating
near-field noise ic.-els; however, if the 80 percentile extremes in velocity coefficients are
considered, a diffarence of cpproximately 30 decibels will be observed in the total
acoustic power (TAP) calculated fron: the relationship

TAP o V", 2
Differences of the magnitudas mentioned would not occur if ratios ot jet velocity were

used to modify existing data, since a change of 2 in velocity would give only a 3-decibel
difference in TAP, using the 80 percentile limits.

1. Prediction Technique

Basically, all the previous methods are modified Lighthill solutions, trying to account for
changes in the near field. It was decided that a different approach would be taken in this
investigation,

A typical contour, Figure 13, reveais several characterisiics. The source location is
defined as the focus of the highest-intensity SPL contour on the jet boundary. A polar
cocrdinate system is introduced with origin at the source location and with angle, 6,
referenced to the jet centerline. Now, let the jet directivity factor be the SPL(r, 8)
referenced to the SPL(r, 90°}.

DF = SPL(r, 8) - SPL(r, 90°) (3

Figure 14 is a plot of the measured directivity factor from the ccatours of Figure 13,
plotted at a radius of 20 diameters. This directivity shape is about the same as the
measured shapes snown in Figure 15 (from Reference 8) for the far field of three different
jet engines. By checking the decay of SPL with distance, it has been experimentally
detemined that 20 diameters is, for all practical purposes, in the far field, except for
angles less than 30° to 400,
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The directivity is govemed by three distinct phenomena: convection, shear-noise emission,
and refraction. In the fur field, the<e effects are independent of distance from the source
and can be separated from any decay tems due to distance. The initial convection tem is
attributed to Lighthill (Reference 10}, who obtained a directivity approximation of the
following fom

(- M, cos cp)-6 4
where M _ is defined as the eddy convection Mach number and

@ is the angle from the jet exhaust centerline, with the radius vector originating
at the center of the exit plane.

As Ribner (Reference 8) points out, Williams (Reference 12) modified the -6 exponent to
-5. The convection factor was further modified by Ribner and Willioms (References 13-16)
so that
-5 _ 2 2,,29-5/2
C —[(1 -Mc cos ) +a MC] /

where the tem c.zMz tends to account for a finite eddy decay term.
The effect of shear-moise emission was derived by Lilley (Reference 11) and is approximately

1+ cost 0) . (5)
Combining these two effects yields a directivity factor of the following fom:

1+ cos4 ) 6
[ -M, coscp)2+ o? M41%/2

[~

Noting that since the directivity factor is usually nomalized to 1 at 90°, this form is
modified as shown below:

(+ a2 M(z:)s/2 1+ cos4 o)
= 5572 @

Cc

D.F

"0 -M cosp)® +a® M

If this form is to serve the near field as well as the far field, the angle ¢ musi be changed
to 9 (i.e., the source location coordinates). Also, since the term M. is somewhat
nebulous in character, M will be substituted for M. (since @4 will be detemined
empirically over a complete range of temperature and Mach number).

This leaves the subject of refraction to be dealt with. Ribner (Reference 8) presents a
somewhat rational analysis for refractive and diffractive effects through the jet flow;
however, no practical results are obtained. But again examining Figures 13 and 14, it is
observed that the directivity curve has an almost exponential roll-off below the peak
angle. After examining all the data taken during the test phase of this program, it was
determined that the final Ribner directivity factor should be modified to the foilowing form
for far-field noise contours:




D.F. = (1+0,2M‘?)f/2(1+cos4el

- . Goos 8 ©
[(1 - M cos 0) + a2 ME1¥2 (1 +.Ce™ )

There are three undetemined constants in Equation (8).

It is known that the curve of Equation (7) fits the data excellently for angies less than the
angle of maximum directivity, provided the relationship fora is known. If the hypothesis

is correct that a2 is independent of Mach number, M, only a varigtion with temperature

and frequency will occur. A typical curve calculated with the a4 detemined in this manner
is shown in Figure 14. The coordinate system is that of Figure 13.

-C-6\-1

The term (1 +Cye ) will be calculated such that it reduces the curve of Equation

(7) to the measured value at 15°, while decaying to a negligible effect at the measured
peak. The effect of the approximate refraction correction is shown in Figure 14. Although
no attempt has been made to give a physical explanation for the tems C4 and C5, Figure
14 reveals that this form of representation is adequate for an empirical approach.

It has been assumed so far that directivity is independent of distance from the source.
However, observation of the experimental data indicates that significant changes in
directivity occur as the source is approached. Examining a set of directivity curves in
Figure 16 measured at 5, 10, and 20 exit diameters from the source, it can Ee seen that
the angle of peak radiation traverses toward the axis of the j:t for smaller values of r, and
that the value of maximum directivity index is reduced {or decreasing r. In faci, as r
approaches the source, the contours are almost that of a simple source, modified by shear
noise emission in some cases. In Figure 17, the contour at r = 1.75 diometers is almost
that of a simple source, while in Figure 18, for a cold jet, the shape of the contour close
fo the source is almost exactly the 1+ cos4 § shape attributed to shear noise emission.

Two factors will be introduced to explain this change in contour shape. In an effort to
avoid coupling effects in evaluating the constents, the factors will be included individually.
The approximation chosen to produce the change in the directivity factor pedk is given in
the fcllowing equation.

DF' = (1+a2 M2)5/2 (l+cps4 8) (9)
Mcoso V. 2,277 ~Cs8 '
]-———-Q-TF +a"M (]+C4e )
1+Cge 7
-Cor

As the source is approached, the term M cos 6/(1 + Cge 7) diminishes. The effect of
this is to reduce the magnitude of the directivity factor. Another byproduct is that the
term 1 + cos48 becomes more important in controlling the angle of peak radiation.

The final modification in directivity factor shape arises from the nature of the contours at

small angles in the very near field. Notice that the 134-decibel contour in Figure 19

exhibits the characteristic refractive effect at small angles. However, the 144-decibe!
-C:9

curve has reversed this effect. The result is that the C4e 3 term requires modification

at small angles. It was found that a good approximation io this effect is obtained if the

factor is modified as shown:
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Substitution into Equation (9) yields the final fom of the Direc*: rity Factor:

_ (1 + GZ M2)5/ 2 1+ cos49)
D.F.= <5 amn
2 5/2 Ce 5
A
1 M cos 9 +a2 M2 1+ 4 .
-C,r - 7r/4
1+ C6e 1+ C6e

(Evaluation of the functiors a2 and C] - C7 will be discussed at the end of this subsection.)

The directivity factor has been of prime concern in this discussion. The effect of distance
from the source, r, on sound pressure level has not been evaluated except where r modifies
the directivity factor. Since the directivity factor is nomalized to zero at 900, it is
convenient to evaluate the effect of distance on SPL at 90° to the jet centerline with
origin at the source.

in ali previous prediction methods it has been assumed that SPL varies as \’n/rg, where n is
a function of position in thf near field. It seems more reasonable to_assume that the SPL

or mean square pressure, p%, is proportional to an inverse series in r4 which has coefficients

that are functions of velocity (or, more conveniently, Mach number and temperature).

The form assumed was

" ¢ LM CyT, M) Colf, M)
P (r,8=900) = 5+ 7. 3 (12)
r r !

This approximation can be analytically verified to some extent by the work of Franz
(Reference 6). In Franz's extension of Lighthill's theory, it is shown that the mean-squure
sound pressure for a single quadrunole is of the following form:

P (b, )

The expression for a jet would not be expected to be identical to Franz's equotion, but
this derivation lends credence to the expression selected to represent the change in sound
pressure level in the near field.

2,2 4 6
(%M4+-'=ZM2+LE->. (13)
r r

r

The functions, Cy, Co, and C3, are detemined easily by using values of SPL at the point
of maximum SPL, an intermediate point (r~ 5). and the cuter boundary of measurements
(I' 3 20) .

Three curves are compared in Figure 20. The inverse~square-law curve is first drawn using
the value of SPL measured ot 20 diameters, 90° to the jet axis. Next, o curve from
measured data is shown. As the inverse-square~law curve approaches the source (r = 0),
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the value of SPL increases without bound. But, examining the experimental curve
seeh thai as ihe source is approached, the slope of the curve decreases.

7

Also presenied in Figure 20 is the polynomial approximation obtained by fitting to the
measured values at r=1.75, r=5.0, and r = 20. The most prominent feature of the
polynomia! is the roll-off at smail r. In evaluating the functions Cj, C2, and C3, it is
found that Cy and C3 are always positive und that C3 is always negative. Of course, the
function reduces fo the inverse~square law, C}/r4, at large r and in the intermediate
range (from r = 5 to 15), C2/r4 contributes most significantly to the near-field charac~
teristics. A convenient nomenclature for these tems is far-field ~C|/r2, near-field ~
Cy/*, and near-near-field or induction near-field (after Franz) ~ C3/r0.

A calibration term is needed in calculating actual sound pressure levels, ofter the
combination of Equatiors (11) and (12) which provide the sound field shope. It is, of
course, expected that this calibration tem will be a function of temperature and Mach
number. If the Lighthill form of solution is accepted for the far field, this function will
have the form:

B21,M) = KTM" (14)
i =const.
9=const.

Combining Equations (11), (12), and (14) yields the final form of the expression which
describes the near noise field of a jet engine, as presented in Equation (15).

20 Mo = KT*M™ (1 + a2 MDY2 (1 + costy) (_C_l+_c_z+_c_a
e UM, B, C.6 2 4 6
2 5/2 Ce 5 r r T
M cos 8 2,2 4
-] M i = o

The relationship of mean-square pressure with frequency has pumosely been ignored in the
development of Equation (15) because of the similarities of the contour plots for all
frequency bands. The frequency relationship is introduced by calculating the functions

Cy - C7, a4, and KT3MP for each octave band ond the overall band. Experimental evi-
dence confims that the sound pressure level in a scaled octave band for a scale model is
equal to the sound pressure level in the unscaled octave band for the full-scale engine.
Therefore, if spectrum level is required, the frequency limits on the full-scale band are
first determined by dividing the scaled octave band limits, fD, by engine diameter, D.
Then 10 Logjo(BW) is subtracted from the calculared sound pressure level, where BW is the
full-scale bandwidth.

2. Evalugtion of Empirical Functions

If the evaluation of the functions 0,2, Cy to C7, and KTSMM were conducted under strict
mathematical rules, they might never be determined. In certain ranges of the parameters r
and 8, a high degree of coupling exists between all the above-mentioned functions.
Therefore, it is advantageous to evaluate each of the functions in a range where it alone
controls the SPL contours. This may not be possible in all instances, but the breakdown
was made such that no more than three of the functions would have to be determined

simultaneousiy. The functional grouping and evaluation was accomplished in the following
manner:
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(1)

v

3

(4)

(5)

(6)

a2 was evaluated separately in_the approximate far field (r 2 15 diameters). The
conditions used to detemine a2 were the SPL at 90° and the SPL af the angle of
pedk directivity, at constant radius. These values, which in reality amount to
the direciivity factor at the angle of peok directivity, were used in Equation (7
to detemine a.<.

Cf and C5 were evaluated simultaneously at the radius uced in the evaluation of
a4. The directivity factor at 6 = 15° and at 8 = Opqx ~ 5° were used for deter-
mining C4 and C5. The criterion was that the modified directivity factor in
Equation (9) be constrained to the measured directivity factor at these two values
cf 8. The value used fora? is that detemined in step 1.

Cg and C7 were determined from the difference in directivity factor peak at r = 5
diameters and r = 20 diameters. This value is the ASPL shown in Figure 16. The
valves of a2, C4, C5, Omax @ r=5, 8max @ r=20, r=5, r=20, and ASPL
were used in Equation (9) in the evaluation of Cg and C.
-C.0

Cee ° -CR/A

In the tem, 1+ T Ca/A’ the value of Cée was determined on o
7r
1+C &€

trial-and-error basis. Several values were used before selecting this particular
combination.

The decay tems Cj, C2, and C3 were evaluated at 8 = 90°. Examination of
Equation (11) at 8 = 90° reveals that the equation reduces fo:

_ 1
D.F.= =on 7 (16)
C4e

e =g/

1+C6e

~Cgfr/2)
The purpose of the decay tem, 1+ Cyge , is to reduce the value of D.F.
at small angles, while having minor effect at angles greater than 8y qx -
Therefore, ot 90°,

D.F.as1.

This allows the evaluation of Cy, Cg, and C3 from the nomalized values of SPL
at three points along a radial vector projecting from the source, nomal to the
jet axis. As mentioned earlier, the radii chosen were ras2.0, r = 5.0, and

r=20.0.

After evaluation of all other functions, a mognitude was detemined for each
engine operational condition. This function comprises the KTSMP tem.

These functions were evaluated ot each basic engine operational condition as given in

Table I.

There were quite drastic changes in some of the functions for smal! changes in

the parameters. In others, changes were more gradual. There was quite a bit of scatter in
the calculated values. Therefore, to determine the functional relationship with Mach
number and temperature, a first-order, least-square curve was fitted to the variation of
the log f(T,M) versus log T. These least-squ are fits wers determined for constant Mach

number.

The coefficients of the least-square fits were then plotted against Mach number,
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and a least-square fit was made to these data. The final form of the functions is given in
the following equations:

- C C +C, b v

o?=C. M "“(1/1000 /314
C. C. #C. M

C,=C. sM “®(1/1000 7 T8
G +C,

Co=C, oM I ]°(T/1000) i, 117G 1M

C. C. tC. M
X0=Ci']3M "]4(T/1000) t,15 ~i,16

where i denotes the octave band or overall band. The form detemined for C und C7 is
(they were not significantly affected by frequency):

T \-890M2-1)
€6 =17-5(3000)

.566(M2-1)
C,=0.41 (53756)

The field functions were found to be (alsc not a function of frequency):

C]=M2'34
.93
C,=10.65 TT—>
[o]
1.1
Cy=-15. 18\ , m-8?

)
and finally the value for KTSMP was determined to be

KTSM" = Ci 7 T] .54 M4

The values of the constants C; ,j ore given in Table IH]. It is realized that some of the terms
would be more pleasing if, for instance, instead of T1.54, T3/2 were substituted.

However, this would and will wait until a suitable theoretical description is developed
which allows rationalization of some of the powers.

Figure 21 shows the calculated values of c.z plotted ogainst temperature. Also given in
the figure are the curves derived from the least~square fit. At 570°R extreme differences
appear between the fitted values and the calculated values {(empirically derived values).
In spite of these differences, this method is justified because of the systemization which is
effected. As shown below under sub-section G., the calculated contours are valid
approximations.
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TABLE 1!

COEFFICIENT MATRIX, C(MM, )J)

/MM 1 2 3 4
| 3
1 0.8239 0.4176 0.32555 0.74038
.2 2 -1.24 -1.7269 0.2482 ~3.4538
3 -2.3019 ~1.3226 -4.0206 ~4.7181
4 1.4745 1.3507 2.6807 3.2662
5 45.759 15.932 202.88 231.55
c 6 ~2.1086 -3.2199 3.8424 0.53294
4 7 3.3602 1.3276 10.520 9.5963
8 -2.3864 ~0.1765 -8.0248 -6.829
9 12.808 8.4045 10.491 10.429
10 -1.8167 -1.5494 ~0.019983 0.36732
4 Cs " -1.7894 ~0.16571 0.73551 0.89132
12 1.1641 0.22007 -0.76495 -0.87600
13 4.512 5.2846 4.5428 9.6963
O 14 -0.028729 1.3015 0.20763 1.8687
15 0.789 0.85116 0.27691 3.0174
16 -0.51772 -0.60053 G..036298 ~2.1329
' c, 17 5.50x10° | 4.78x108 | 1.46x10° | 1.15x10°
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F. _Computer Program for Calculating Jet Noise Contours

There were several ways that the semi-empiricai reiationship of Equation {15) could be used
in calculating sound pressure levels. The most obvious would be to use the cartesian
coordinates ot a fieid point x,y and the caicuiared source iocaiion XO,YC io deiemine 7
ond 8. The value of r and 8 with a specified value of Mach number and temperature would
then be substituted into Equation (15) to determine sound pressure.

However, since contours had been machine-plotted for all the experimental data,
calculated constant-level contours for the predicted sound pressure levels would present a
more desirable format for comparison. The program included in this section was formulated
from that criterion.

The program is composed of a main or executive progrom and five subprograms. The
function of the main program is to provide input data, change from polar to cartesian
coordinates, call up the various subprograms, and write the calculated data. The heart
of the program is subroutine SOND. This subroutine performs the calculation indicated by
Equation (15). The constants, a2 and C4 - C7, are calculated in subprogram SOND 1.

Subprogram BICT detemines the value of radius, for an angle theta, where a particular
sound pressure level occurs. In detail, the input to BICT is R1, R2, theta, and the incre-
ment in SPL contours, D. R1 is the smallest value of r, and R2 is the largest value. RI
should not be less than 1.5. First, BICT determines the SPL at R1 and then from this value
calculates the maximum multiple of the incremeni D. Then, using the maximum level and
the ievel ot R2, the levels for each contour are detemined. Once this is set up, an
interative process between BICT and SCND is performed until the values of r for each
contour are determmined. This is repeated for each value of theta. Theta is detemined a3
:he initia! value, TH(1), plus the increment, DTH, times the number of passes through the
oop.

A iypical output is shown in Figure 22. Listed at the top are the values of thetqa, the
value of r for the maximum=~level contour on a particular radius vector, the SPL for the
maximuin-level contour, the value of r for the minimum-level contour for the same radius
vector, and the SPL ‘or the minimum=-level contour. The number of contour points found on
a given radius vector is also listed. This number includes the two erd points, which
probably will not coincide with a contour.

Below this table are listed the input temperature, Mach number, and band number, MM,
along with the calculated constants. The band number is described fully in the progrom
comments. A typical plot is shown below the table. The resolution on points is £0.083"
in the vertical direction and +0.050" hcrizontally. The size of a plof is 10" x 10".
(Options on scaling are explained in the subroutine comments.)

The input constants C(i, J) are listed ot the end of the program. These values, comprising
the first nine lines of input data, are necessary for the calculation of contours and should
not be changed. (The constants have been calculated for the overall and 3 octave bands.)
The other data are variable and may be changed as desired. (A full description of the
input data is inciuded in the program comments.)

This program has been compiled on both the IBM 360-50 remote access system and the
Univac 418 computer. The Fortran IV language is not machine-oriented.
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THETA  R(2,J) SPL(2) R(L,J) SPL(L)
10,000 3.641 130,000 27,199 l120.000
i5.0u0 17,702 130,000 3k.478 120,000
20,090 21.675 130,000 4,219 12v,000
25,000 25,555 130,000 25,555 130,000
30,000 3,203 140,000 28,832 130,000
120 30,376 136.000  3vu,.378 130,000
40,000 3.167 140,000 29,007 130,000
45,000 25,020 130,000 25,020 130,000
50,000 2.938 140,000 20,167 136,000
55,000 15.57% 130,000 47.2+3 120,000
60,000 10,677 130,700 36,991 120.230
65,000 7.115 139,700 24,123 120,000
70,000 2,606 140.000 23,232 120,000
5,000 5,753 130,000 18,821 120,000
§u.000 $.427 130,900 46,974 113,000
85,000 5,178 130,000 37,876 110,000
90,000 2.425 140,000 31,571 110,Cu0
95,609 10,062 120,000 26,677 110,060
100,000 4,665 130,000 22,377 110,000
105,000 8,610 120,000 19,923 110,000
110,000 2,294 140,000 17.062 11u.000
115,0u0 7,828 120.0™J K4b,668 100,900
120,000 4,314 130,000 42,127 100,000
125,000 7,%96 120,000 38,686 100,000
130.000 2,288 160,000 Sv.l125 140,00
135,000 7.194 120.000 34,248 100,000
W00 4,293 130.900 32,3896 180,000
145,000 7,127 120,000 31,946 100,700
150,000 2,414 140,000 31,299 100,000
155,000 7,125 120,000 30,848 190,000
160.000 h,b12 130,000 30,557 100,000
165,000 7.145 120,000 30,369 100,009
170.000 LT26 1u0,000 39,257 100,000
175,000 7.160 120,000 30,197 100,00)
180,000 4,472 130,000 30,177 100,000
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FIGURE 22. QUTPUT FROM SPL CONTOUR PROGRAM (SHEET 1 OF 10)
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‘rvro‘d Snur\lr\

_.CQMPILE SQUND INPUT CARDS QUTPUT_TAPE _LIST SOURCE . e e
DIMENCSYION FU16:37V.RE16037)0C(1704) 2 TH(37) IR(K?) X(600)9Y(600)

- .. COMMON IRD:IPReC,ALP»DMp T CU,CHeCOeCTeMMF,R

c
C LLLLLLLILLLLLLLLLLL L2007
IRD=1
—— - APR=2 —

C IRD = SYSTEM INPUT UNIT DATA SFT NUMBER.
C _IPR = SYSTEM QUTPUT UNIT DATA ST NUMBER, . . _
C /7771777770070 771707777717777777
c -
WRITE(IPR,»9)
. —READ(CIRD LI ((C T o) e o) o Iy
WRITECIPRoLO) (XC(TIod)rd=1el)»10I=1017)

Coo S

C THESE ARE |HE COEFFI»IENuS FOR THF NEAR=FIELD FUNCTIONSa
C

99 READ(IRD»2)R1eR2yTH(L1) eDTHoND
—— . - NRITE(IPR,10IRI+R2TH(1) DTHeNeD . .
c
£ Ry 1S THE SMALLEST VALUE OR RADIUS FOR CLCULATING SPL. AND R2 IS THE
C LARGEST VALUE., $%% R1 IS ALWAYS GREATER THAN 1.50 $%%.
L TH(1) IS THE SMALLEST VALUE OF THFTA FOR CALCULATING SPL, =~~~
C $%$% TH(1) IS ALWAYS GREATER THAN 7.50 DEGREFS. %9%%
L OTH IS TIHE INCREMENTAL VALUE OF THETA., _IT #ILL BE ADDED N TIMES.
C D IS THE INCREMENT FOR SOUND PRESSURE LEVEL CONTOURS.
C - —_
160 READ{IRU»2) XL o XHo YLo YHe IPL
___"__ﬂRlIELlEBLlﬂlXLLXHLILLFLJIPL

C“SEEMELDTX ROUTINE FOR DEFINITION oF THESE VARIABLES, = . __ ___ ____
C SET IPL TO =1 IF NEW VALUES FOR P1sR2yTH(1)yDTHsNeDe ARE MEEDED.
c - — — - - - i
IF(IPL)99,180,180
140 READ(IRD s 3} DM T oMM —_

OM_]S THE ENGINE MACH NUMBER. . ___ -
T IS THE EXHAUST PLANE TEMPERATURE.

A/ //444 - OCTAVE BAND NUMBER. _//7//4/ e
MM 1» OVERALL BAND» FD = ins0.G TO 268800.0.

obhochopopobo

MM = 2 FD = 2100.0 TO 4200.0
MM = 3» FD = 4200.,0 TO 8400.n,
MM Z 4 FD = 8400.0. T0 16800.0s . .. . ]
SET OM = MACH NO, = 0.0 WHEN A NFw PLOT LIMIT FRAME OR CHANGE IN PLOT
CODE 1S REQUIRED. . . S,
IF(DM)1%1,100,101
101 CALL SCND1
— .. _WRITE(IPR:9) o I __
NN=1

——.—.CALL BICT(R1,R2/NN¢TH(1),DsIR(1))
DO 200 I=2eN
IJ=1=(1/4) %441

FIGURE 22. (SHEET 2 OF 10)
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GOTO(203,201¢203+202)r1J

.-203 R3=2.5«RY . _ . . .

GOTO 204

[ =1.5%R1 = _ Lo

Py

—_———ul g

201 R3=R1
204 THCI)ZTH{I=1)+DTH

NN=1
e CALL BICT(R3,R2s NN TH(I) e Do IR}

200 CONTINUE
WRITE(IPR29}

WRITE(IPR,»7)
NM=0

K=0
I=MM

c
C CARTESIAN COORDINATES OF SOUND SOURCE LOCATION,
c

e XO=C (13 I)#DMA2C (14, 1) & (T%,001)#x(C(15,)+C(16,1)DM)

Y0=.1316525%X0+.50
— DO 301 . J31eN . _

LzIR(J) =2

— WRITE(IPRoWIIR(JI o TH(J) »R(Dp 1) 2 F (20 d) s RUL4.") o F (L o.0)

NM=NM+L
o CY=COS(TH(J) %, 01745329)

ST=SIN(TH(J) *.01745329)

£ - -
C CONVERT FRCM POLAR TO CARTESIAN CGORDINATVES.
L

00 300 I=2.L
—— KzK+#} —

X(K)=CT*R(I+J)+X0
— IF(IPL)301:301¢303

c
L IF 1PL = 0 DO NOT SUPPRESS POINTS.

C IF IPL IS GREATER THAN ZERO ELIMINATE ALL POINTS OQUTSIDE OF
£ PICTURE FRAME SPECIFIFD BY INPUY DATA XL AND XH., ==~ ==

C
_.303 CALL REGION(XLoeXHeX{K)eIJ)

GOTO(301,302)01J
301 Y(K)=ST*R(IeJ)+YO

YBLEX(K)*,1316525+.50
——— CALL REGION(YBLsYHsY(K)rIJ)

GOTO(300,302)1J
302 _K=K=-3

300 CONTINUE
__WRITE(IPR,.H)

WRITE(IPReS)DMeToALP»CUoCSeCRICTIMM
— MWRITE(IPR.8)X0,Y0

CALL PLOTX(X¢YeKoXLoXHeYLoYH,IPL)
—— 60TO 380 _____

1 FORMAT(8E10.5)

— 2 FORMAT(4F10.9,12+RX+F10.9) S

FIGURE 22. (SHEET 3 OF 10)
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3 FURMAT(2F10.9012)

4 FORMAT(IurSFB8e8) _ . . ..

§ FORMAT(7E13.5¢14)

6 FORWMAT (3710 MACHnNg‘,” TEMPERATURE ALPHA*%20 868X 2HCY» 11X
124CS» L AX P 2HCH2 11X 9 2HCT e X0 ZHMMI

7 _FORMAT(43H NO. THETA R(2+J) SPL(2) R(LeJ) SPiL(L)s/etH PTS)
R FORMAT(AHOXO = +F3.%17TH YO = »FB8.4)
9 FORMAT{1H1) e e
0 FORMAT (4E20.Ar 1Y)

ENU

FIGURE 22. (SHEET 4 OF 10)
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ACOMPILE_SLOTX INPUT CABNG OQUTPUT TAPE LIST. SOURCF
SUBKOUTINE PLOTX(XeYoNoXLoXH,YLoeYHeII)

— — DIMENSION A{1013eX{31eY{1}saxIS{5} S
COMMON IRD¢IPR

C — — I
C NOTE POINTS GIVEN NEED NOT BE IN ORDER -~ THIS RCUTINE RE-ORGERS THF
c f Q ARE _NOT
ol NECCESARILY IN THE SAME ORDER AS THEY WERE BEFORE THIS ROUTINE WAS
£ CaAlLFD,
C X 1S THE ARRAY OF X CO-~ORDINATES.
€ Y ___IS_THE ARRAY OF Y CO~ORDYNATES. _
C N IS THE NO, CF (XrY) POINTS.
C IF 2i 21 THEN —==—ee
C 1. IS THE BEGINNING VALUE OF X PRINTEC ON THE X AXIS.
€ XH IS YHE LAST valLuE OF x PrYMTED ON THE X AXIS.
o YL IS THE BEGINNING VALUE OF Y PRINTED ON THE Y AXIS.
£ YH IS THE LAST VALUE OF Y PRINTED ON THE Y AXIS.
C IT1 =0 wlLL CAUSE THE LOWEST aND HIGHEST VALUES IN THE X AND
c Y_ARRAY YO BF HSED FOR T#F LIMITS OF THE X AND 1 AXFS QF
C THE PRINTED GftAPH.
C =1 +ILL _CAUST T4E VALUES GIVEN TO XL.X4eYLs AND YHe IN THE =
C CALLING SEQUEMCEs, TO BE HISED AS THE LIVMITS FOR TP
C X_AND Y AXES.
C
—— DATA HOLI.BLNK»BIT CRCGsFMS/IMT o1 os3IHaoiHYetH=y/ =
WRITE(IPR,100)
_-100 FORMAT(1H1) -
XSM=x(1)
__XLA=X(1) _
L1=N=y
DO 2 I=1.11
L2=I+1
£ _ . _— . ) _
C wxxkx THIS SECTION REARRANGES THE GIVEN DATA
£ _IN ORDER OF DECRFASING Y VALUFSeIaEee
C YMAX=Y (1) AiND YMINz=Y(M).
C
D0 2 J=L2.N
e JEY(I) =Y (J) YR 0292 —
1 DuM=Y (1)
S & © % -5 A € )
Y{(J)=DUM
DUM=Xx (1)
X(I)=x(J)
. X(J)z=DUM -
2 CONTINUT
L __ks¥%xa - ——
IF(II)10,10011
11 XSM=Xi
XLASXH
—YSM=YL - ——
YLAZY™
. 60OTC 12 . -

FIGURE 22. (SHEET 5 OF 10)
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10 O o L2=1¢N

— Y XSMX(L2) ) 504, 3 —
3 XSM=X(L2)
4 IF(XLA=X{L2))Sr6r6 . .. ____ _.__. . o

8 XLr=Y(L2)
A CONTINUE

_YSIA=Y(N) -
YLA=ZY(1)
. 12 DXz Xl A=XSM) /100
DY=(YLA=YSM) /60,
- IPz0._ i _ — e
LIN=G

—_— _A1)SHOLY
13 LINZLIN+2
—— DO 14 Izp.101 — -
14 AC(I)=BLNK
— — _IF(LIN=-A0)13..5v23
15 IP=IP+1
IF(IP=N)16210020Q
16 RAT=69=LIN
e IF(Y(IP)=YSM=DYXRAT) 201717 . .
17 DO 19 I=2.101
— . — RATZI=:? S
IF(X(IP)»XSM-DX*RAT)18'18019
18 A(DISHIT

GOTO 1%
39 CONTIWUE o e
G0TO 15
.20 IpsiP=y e e e
IF(MOD(LIN'b)’i)ZZO?IOZZ
21 RAT=61-=LIN
DUM=ZYSM+DYXRAT
—— . __ WRITE(IPRe101)DUNM,CROe (A(I) 122,101  __ _ __ _ . o o .
GOTO 13
- 22 MRITE(IPR2102)(A(I)o1=1ei0t) . ___ ___ . - L
GOTO 13
23 DO 28 Iz1,101
A(I)=FMS
— IF(MOD(Y210)=1)2582825 . _ . —_— . —
24 A(I)=CRO

.. 2% CONTINUE _ -
WRITt(IPRrIOI)YSMo(A(I) I=1,101)
DO 25 IzZ1.5

A(I)=HOLIL
— . RATS(I=-1)%20 _ el e e
26 AXIS(I)=XSM+DX*RAT
- . MRITE(IPR»103) (AXIS(I)eAtX)eX=1eS) . ..
DO 27 I=1.5
RAT=I*20=10
27 AXIS(I)=XSM+DX*RAT
— - WRITE(IPR,104) (AXIS(I)eI=105) = _ - e
101 FORMAT(1Xs1PE1543,3Xs101A1)
102 FORMAT(39X»101AY) _ __ = __ — e —_

103 FORMAT(10X»S(1PE14¢3+5.¢A1))
FIGURE 22. (SHEET 6 OF 10)
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104 FORMAT(i4X»S5(SX-1PE15.3))

RETURN
END

&COMPILE BICT INFUT CARDS OQUTPUT TAPE LIST SOURCE

- _SUBROQUTINE BICT(R1,R2eNeTHeD,IR) -

c
£ THIS ROUTINE USES A RECURSIVE INVFRPOLATION SCHEME KMoWN AS REGULA

C FALSI ( FALSE POSITION). ALTHOUGH CONVERGENCE IS THFSRETICALLY
C GUARANTEEDs CERTAIN SPECIAL CASES MAY CONVERGE VERY SLOWLY WHEN DV/DX
C IS RELATIVELY LARGE.

< e = _ - -

COMMON IRDeIPReCCrALP DM,y TeCtioCSeCOHsCT oMM, F R
— _TIH=TH . ...
N=N
. Esl.0 IS,
IR=0
XL=AMIN1 (R1,R2)
YH=AMAX1(R1,2)
_ .10 At SOND(THeXLoYL)
C2tL SOND(THsXHe YH)
... C=aBS(D)Y o
F(1eN)=YL-AMODIYL,C)

L
C F(1,N) NOW EQUALS THE LARGEST MULTIPLE OF D WHICH IS
L LESS THAN YL. .

C
—_— e X(3)=1.0 [ S e
IF(YH=-YL)11,12¢12
11 _C=e(
F(1sN)=F(1eN)=C
o ~113.‘ :.‘"1 <0 0 . e e e ———— e —
C

£ CoMPUTE aLl. INTEGRAL MULTIPLES OF D WHICH L.IE BETWEEN YL AND YH,
C

12 D0 20 I=2,30

IR=I=1
e __FtIeNISF(IReNX¥C —

IF((F(I/N)=YH) %X (37320020021

20 _CONTINUE

21 C=X(3)
XF{IR=15)26+32:27

27 IR=15%

. _60.T0_32 —
26 IF(IR=1)31,31,32
.32 00 100 J=2:1IR __ -

X(1)=XL
X(2)=XH
Yi1)=YL
-— - Y(2)ZYH .

FIGURE 22. (SHEET 7 OF 10)

48

s asir




THE NEXT STATEMENT DETEQMINES The MAXYMUM NO, OF ITERATIONS.

NN Qg KK=1.L0

THE NEXT STATEMENT IS THE RECURSIoN FORMULA. . —

ano eXsXg

X3 ((X(2)=X (1)) ¢ (2)=Y(1)))*(F(JeN) =Y(1))#X€Yy
CALL SOND(THeX(3)»Y(3))
_ RRS{E(JeNY=Y(3))%C
IF(ABS(RR)=E)29¢29,23
23 IF(RRi259929924 . e o o —_
24 X(1)=X(3)
LX) =Y(3) e -
GOTO g9
28 X{(2)sX(3)
Y(2)=Y(3)
cq CONTINUE

(2 X2}

_1IF_THE ITERATION DOES_NOT CONVERGF TWO ALTERNATIVES ARE AVAILABLE —=w=

1. IHCREASE THE MAXIMIM M. OF ITERATIONS.
2. REPLACE THE RECURSION FORMULA WITH X(3) = (X(2)+4X(1))*,50

Dop

WRITE(IPRe1)TH/F(JeN) eRR

——_1 FORMAT(30H DOES NOT CONVERGE AT THETA = »F6.2¢
112H AND F(J) = »F10.4017H WITH RESIDUAL = +F6.3)
GOTO 100

29 R{JeNIZ=X(3)
100 CONTINUE _ _
31 IRzIR+1

e _F(IReN)=YR
RCIReM)=XH
FQleN)=YL
R(1eN)=XL

— . RETURN
END

2COMPILE. SOND _INPUT CARDS QUTPUY TApE LIST SQURCE
SUBROUTINE SOND{THeReSPL)

_— _DIMENSION C(17:4)
COMMON IRDyIPReCoALPeDMeT»CloCH2CH0CTeK

o .

C THIS SUBROUTINE CALCULATES THE SOUND PRESSURE LEVEL.,

C_INPUT _REQUIBED IS _THE ANGLE IHFYA, AND THE RADIUS Ra._

C SOND1 CALZULATES ALP+C4,CS¢Cose AND C7.

C

G1=ALP*DMa %2
— — ——62=C05(.017453292TH)
RAT=1,04COH*EXP(=C7¥R/4.0)
. 6321.0+CHoxEXP(~CT¥R)
G4=DM*G2
— 6521.0+CYy*EXP(~C5*+TH*,01745329) /RAT
66=((1.0461)/((1,0=G4/G3)**%24G1))**2.5
e 61=(1.0472%%4) /G5
SP=10.0%AL0G10(G6%G7)

FIGURE 22. (SHEET 8 OF 10)
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. .G1=DMxx2 3UQ/REED

G2=10.650%(T/ 530.0)**.930/Ruu

- G3=15.180%DM%%,890%(T/530.0) xx1:110/R%*%6
PL=10.,0*%ALOGLU(G14G2=G31)

. _STM=10.0%ALCGIO0(C(179K)*Te%] ,54Q0%DM%%y) _
SPL=CP+PL+STM

__ __RETURN
END

SUHROUTINE, SOND
e . DIMENSION. CLL7_15_1
COMMON TRD ¢ IPR¢CoALP1DMs ToCl,C5¢CHrC7 0K

j R
C THIS SU3ROUTINE COMPUTES VALUES FOGR ALP#C4,C5,C6¢ AND C7 FOR USE IN
£ S0onDe THE SOUND PRESSURF LEVFL ROUTINE,
C MUST RE GIVEN THE C(I,k) MATRIXs, T = 1917 K = 104 » AND A VALUE FOR K.
_C_J’ HE VALUES COMPUTED ARE FOF SPECTFIED VALUES QF DM_AND T.

e _wW=Tx.00
ALP=C(1 oK) 2D xC (29K ) *WAx (C(3,K)+C (4, K)*DM)
CU=C(SpK)4DMe*C(H oK) *Wkk (C(7,K)+C(8oK)%DM)
CS=C(9rK)*kDM&RC(I1C oK, xWxk (C(11,K)+C(12:K)xDM)

o CHELTOR(W/3.0) %% (,B890% (DMx%D1,0))
C7=410%(W/3.60)%%( 566X (DM¥x2=1,.0))
RETURN

FND L

*COMPILE REGION INPUT CARDS OUTPUT TAPE LIST SOURCE
- ——SUBROUTINE REGIOMN(ABeXeT)
C THIS ROUTINE DETERMINES WHETHER v IS IMN THE CLOSED INTERVAL (A/B).
L IE XIS IN.IHE _INTERVAL, 1 = 1 I RFETURBHNFD.

C IF X IS NOT IN THE INTERVALe I = » IS RETURNED.

(o

I=1
e __IF{A=X)122e3
1 IF(X=B)2¢2+3
- Xls2 o
X=A
2 RETURN
END

FIGURE 22. (SHEET 9 OF 10)
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G. Comparison of Empirical Analysis with Measuied Mode!

and Full-Scale Jet Engine Noise Contours

The empirical analysis must pass two tests io vaiidate the results.

The first test is comparison of the calculated contours, for the overall band end the octave
bands, with the measured-modei data. This test should be relatively simple, since the
empirical coefficients nave bzen derived sclely from the data taken during this study and
repoited here.

The second test, comparison with full-scale engine data, is more difficult. It is quite
nomal to list engine operational conditions from manufacturers' data, instead of actually
monitoring the data duiing tests. However, none of the tests which reported near-field
noise contours for afterbuming listed (or measured) the exhaust plane temperature. Ouly
the exhaust gas temperature (E G.T.) was given. The E.G.T. is alwoys derived from a
themocouple recding directly of: of the turbine stage and definitely in front of the after-
bumer. Other parameters, such as pressure ratio, are difficult to ascertain fiom the
reported data, so manufacturers’ data have to be used again.

1. Comparison with Model Jet Tests

Using only the exhaust plane temperatures und engire local exhaust plane Mach numbers
listec] in Table I, the contours shown with solid lines were calculated. (The program used
is described in the preceding subsection.) The dashed lines represent the experimental
contours for the basic jet tests. The comparisons are shown in Figures 23 to 39 and are
given exactly as they were calculated. As may be expected, the quality varies, since
there was scatter in some of the data. Furthemore, the type of source radiation was not
accounted for in the empirical aralysis. It has been pointed out (References 6 and 8) that
there are at least six types of sound sources present in a supersonic, turbulent, heated jet:

o Lateral quadrugoles (shear layer noise)
Longitudinal quadrupoles (Combinations of these constitute isotropic turbulence.)

Dipoles (from shed vortices)

Simple sources (from edge-tone radiation)

Mach waves radiated from the mixing region

e Shock structure in the core

To account for the different types of sources which might be present in an an empirical
correlation would be exceedingly difficult without an experimental program an order of
magnitude more difficult ar.d expensive than the one reported here.

In examining the curves, it is evident thet the comparisons which are poorest are generally

at low temperctures. The experimental data showed the greatest variations during unheated
tests, perhaps because of extreme pressure variations which the automatic valves could not

smooth out.

Figure 23, the lowest-velocity experimental test, shows that the directional characteristics
are predicted quite well for the overall and first frequency band, with the other two
frequency bands showing considerabie deviation. The source location is also predicted
accurately except for the second frequency band. The other two figures (24 and 25) for
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this series of Mach numbers compare cuite reasonably, with variations not exceeding
5 decibels, in mos! instonces.

In the Mach 1 series (Figures 26, 27, and Z3) the directivity, source locations and ievels
agree quite well.

For Mach 1.25 (Figures 22, 30, 31, and 32), the levels are good ai 580°R, but the source
location prediction is not comparabie with the experiment. This source location deviation
could not be resolved without further experimentation. The other three temperatures in
‘ne sevies offer the best comparisons in the tests.

At 580°R, Mach 1.50 (Figure 33), there is no reasonable correlation between the prediction
and theory. It is quite difZ"cult to discount data when so many precautions are taker, to
ensure accuracy and uniformity. Perhaps another type of sound source is predominant in

this case, or it is possible that the data may be bad. Whatever the couse, the trends are
not the sume for the predicted and the measured data.

The higher velocity-higher temperature comparison at Mach 1.50 (Figures 34 to 39) is

generally good. It is noted inat the third octave band experitnental data show a pedk in
the contours at the exit plane which the prediction method does not provide.

2. Comparison of Prediction Method with Full-Scale Engine Data

The overall band has been calculated to compare with near-field noise contours reported
in Reference 19. The engine is a J-79 in afterbuming configuration. The comparison is
shown in Figure 40. The levels compare quite well close to the turbulent boundary.
However, in the far ficld, a 10-decibel difference is noted. Although Reference 19
reported octave-band levels, a comparison was not attempted since the reported levels
seemed too low. All eight octaves were added logarithmically, and the result was more
than 10 decibels below the reported cctave-band levels.

A comparison is also made with the data from Reference 2 for the overall band. Here
again, the comparison is fair (Figure 41). Although the data from Reference 2 shows
levels considerably higher than predicted, the microphones used to measure these levels
were in the edge or just outside the edge of the turbulent boundary. The experimental
data taken in this study were 1.5 diameters from the edge of the mixing boundary.

It is emphasized that the full-scale jer noise data include ground reflective effects while
the model jets were exhausting into a free field. Experimantal dato given in Reference 2
verifies that reflective effects create variations of more than 10 decibels in the far field.
Variations of this order of magnitude explain the extreme ditferences evidenced beiween
the predicted and measured data. The variations also omplify the requirement for
including reflective effects in the prediction technique.
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RADIAL DISTANCE FROM JET AXIS
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FIGURE 40 FOR J-79 AFTERBURNING CONFIGURATION (OVERALL BAND).
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CONTOURS FROM REFERENCE 19.
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H. Results

This subsection includes discussion of the analyticel analysis and all jet noise iests.

1. Basic Engine Configuration

The tests conducted with the basic engine configuration are unique from the standpoint of
parameter variations made. The data have been semi~empirically correlated to exhaust
local Mach number and exhaust temperature. All previous data Kave been correlated to
exhaust velocity and have implicitly left out a temperature effect, except for its effect on
exhaust velocity.

The exhaust velocity is expressed as
V=M o T2 (17)
and, therefore, exhaust velocity is proportional to the square root of temperature.

Evaluation of Equation (15) at § = 90° and substitution of the values of the functions C],
C2, C3, and K]TSMn gives

2.47 ,,4 T2.65

9 4.89
p2=32:3x 107 [T' 34 M8+34 10,0312 M 0146 —-—7“4———] (18)
r

2

r r

One very important result in the far field (r>> 1) is given by

9 T] .54 M6.3tt

52=5.5x10 (19

r

If variations in the ratio of specific heat at constant pressure to specific nieat at constant
temperature, k, are neglected, the speed of sound in the jet is

c; = 49.4 VT . (20)

Substijution of Equation (20) into Equation (19) gives

_3.08 ,,6.34
52=3.37x10% A—

2
r

or (21)

6.34
02 =3.37x 104 Y

3.26 2
ci r

This shows bur slight disagreement with the fincl expression of 4emes and Smith (Reference

2) who find
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2 vé
p = 3 (22)

c.r
|

(S,

N

It can be shewn from relationships in Reference 17 that, for an isentropic, maximum-
efficiency nozzle, whether subsonic or supersonic, the thrust is given by the following
equation

T=P A . kM2

atm " exit (23)
Equation (23) in conjunction with Equation (19) provides a metnod for the engine designer
to reduce sound pressure level. For example, given a hypothetical airplane with fixed
engine exhaust velocity and thrust characteristics, the following relationship can be
derived by substitution of Equations (17) and {23) into Equation (19):

v4-34

-2
e (24)
(r')2 I .63

o

It aiso contains th=ust, which is, by Equation (23), prrportional to exhaust area and

nozzle Mach number squared. |t should also be noted that, in Equation (24), the non-
dimensional distance r was replaced by .'/D to bring the problem back into linea: distance.
i»: this case, the SPL should be evaluated at a fixed distance from the engine instzad of a
non~-dimensional distance.

Now, nc:e the significance of Equation (24). In an engine or airplane design analysis,
thrust and engine tailpipe velocity are fixed. But exhaust gas temperature can vary from
the very low temperature of a bypass fan engine to the almost 4000°R of a duct-burning
turbofan. The significance of temperature variation is reflected in Mach number and
engine size. More important, a higher temperature engine yields a lower sound pressure.
This is a significant result, since lower community noise will be a specification criterion
for all future engine/airframe designs. The result is offered to engine designers as a first
step in the reduction *.{ lei noise by control of operational parameters.

Generalizations about temperature and Mach number effects in the near field are not as
apparent as the observations for the far field. The near-field tems in Equation (18) have
somewhat different trends. If the same substitutions that were used in the far field are
applied to Equation (18) (for fixed exhaust velocity and thrust), the mean-square sound
pressure is evpressed as

5= Ky V4é = &+ Ky T2 T2‘;47 -Ks T'36‘T3' 1'. 2_?1 : (25)
()T (") M-V

The effect of temperatute is more difficult to evaluate in this expression. The near-field
and near-near-field tems are increased with temperature. However, since rhese two temms
are not additive, the net effect cot.ld either increase or decrease in the nzar near field.
There is a strong possibility that near-field SPL's will increase in some regions, if tempera-
ture is increased. If temperature 1s increased for the purpose of reducing community noise,
the serious structural fatigue problem might be increased. These considerations require
mnre investigation, however.
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The prediction technique developed for near-field noise is unusual in that the temperature
and Mach number powers do not change with field position. All other prediction techniques
rely on this chonge in power for prediction.

Z. Basic Nozzle with Ejector

Only one ejector configuration was tested. This configuration, shown in Figure (-6,
Appendix |, was designed to be representative of what airframe manufacturers might install.
For optimum noise characteristics, Middleton (Reference 18) shows that iong ejectors are
required. However, since weight is always at a premium, the configuration studied was
chosen as typical.

For shorter ejectors, a predominant ejector whistle is possible ot lew velocities or low
pressure ratios. The ejector/Mach 1.25 nozzle combination was tested ot three tempera-
tores: 555°R, 12799R. c=d 2993°R. Excmination of the SPL contours at 555°R (velocity =
1443 FPS) in Figure 42 reveals evidence cf a discrete frequency radiation from the ejector
in the 4200 to 8400 and 8400 to 16800 non-dimensional frequency bands. A distinct
resonance was detected in the sound pressure specira. The frequency of this whistle was
approximately 2000 Hz.

The overall effect on the SPL contours for the cold jet is to increase nwise levels in the far
field. Near-field levels arec approximately the same as for the bare nozzle {Figure 43).

The contours for the ejector at 1279°R as well as contours for the basic Mach 1.2£ nozzle
at 1360°R are given in Figures 44 and 45. The contours are very similar, with variations
of £ 2 decibels noted in comparing the various bands. No shift in spectrum shape is
detected.

The ejector/nozzle combination at 3000°R shows the same effects as at 130C°R (Figures 46
and 47). No significant change in noise level can be attributed to the ejector.

Therefore, the generai conclusion is that the effect on SPL is negligible for a short ejector
which is operating out of its flow-resonance operational regime. If the velocity-pressure

ratio combination is such that a flow resonance can occur, distinct periodic resonant tones
will be emitted. This problem can be resolved by proper design (see Reference 18). If the

ejector is made longer (5 to 10 tailpipe diameters), SPL reductiuns of up to 7 db can be
achieved (Reference 18).

3. Effect of Ground Plane on Basic Jet

The purpose of this test was to detemmine the effect of ground reflections on the free-field
noise levels. The ground plane was placed on thz side of the jet opposite the side where
noise measurements were taken. In this configuration, the noise measurements were made
in the field where a wing would be located relative to an underwing jet while on the
ground.

Four basic studies were made, including variation of ground plane distance from the jet
centerline, engine Machk number, and exhaust gas temperature. The parameters for the 10
test runs are listed in Table I1.

The significant conclusion is that at the minimum ground-plane distance, there was no

effect on the noise field on the side of the jet opposite the ground plane. This does not
indicate that an increase in noise level would not occur when the engine exhaust was
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located between a wing and the ground. In this case, standing wave modes would
certainly be possible and highly probable.

Figures 48 to 57 suppert the conclusion that there is no effect in ihe area where the daia
were taken. Another significani conclusion is the cepeatability of the data. There was no
variation greater than 4 decibels where the Mach number and temperature were the same.
This excellent repeatability creates a higher con{lidence level in the data.

4. Effect of Deflecting Vanes on Near-Field Noise Level

Some basic ideas about the sound field radiated from a deflected jet may be formed from
examination of the configuration sketch in Figure 10. The configuration, of course, is not
an actual operational configuration as was explained in Section Ill. From the sketch, a
clear view of the exhaust stream can be seen from the field to the left of the jet. This
exhaust noise radiates through an opening approximately 1.0 diamete - high for the 45°
vane and 1.7 diameters high for the 30° vane. This acted as a primary source of sound
which radiated to the left of the jet as shown in Figure 10. While this may not be an
exact representation of an operational deflected jet, it still requires explanation in the
results.

The vane acted as a shield from 1.0 to 5.9 diameters downstream for the 45° jet and 1.7
to 5.1 diometers downstream for the 30° jet. Then another radiation source existed farther
downstream.

The machine-plotted, experimental contours in Figures 58, 59, and 60 show the effects
described. In Figure 60, for the 30° deflecting vane, a very strong source of noise
originated from the exit plane to 3 diameters downstream, depending on the frequency.
Another apparent source existed about 12 diameters downstream. The upstream source
peaked in the second frequency band, while the downstream source peaked in the third
band. Comparison of the sound pressure levels with the kasic jet data (Figure 57) at the
same operational conditions reveals that maximum overall noise levels were about 6
decibels lower for the deflected jet.

Noise levels between the jet centerline and the ground plane will probably be more
intense than would be observed for the undeflected jet. However, judicious design should
minimize placing sonic fatigue critical structures in this areq; i.e., e engine should be
placed as low on the structure as possible.

5. VTOL Jei

The VTOL iet was operated at ambient temperature, using the Mach 1.00 nozzle. The
tests were run with the nozzle exhausting ot 3, 6, and 9 exit diameters above the ground
plane.

Contours were plotted for the overall band and octave bands with nomalized band limits
of fD = 1250 to 2500, fD = 2500 to 5000, and fD = 5000 to 10,000. The band limits are
different for these tests because a different octave band analyzer was used which had
filters in accordance with I1SO standards.

The contours are shown in Figures 61, 62, and 63. At first inspection the effects seem
contrary fo expectations. |t would be normal to expect that sound pressure levels in the
radiated near field would increase as the VTOL jet cpproaches the ground. However,
examinatiorn of a given point in the free field shows that the sound pressure level increases
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slightly os the engine is moved from 9 to 6 diameters above the ground plane. Then, os
the engine is moved from 6 diameters to 3 diameters, the sound level in the near field is
dramatically reduced.

Examination of the basic free-field jet at the same exhaust conditions is revealing

(Figure 64). The source location for thie overaii band is between 4 and 5 diameters down-
stream of the nozzle exit plane. For the various octave bands, the source location varies
from 2 to 6 diameters downstream of the exit plane. If the ground plane distance is greater
than the maximum source distance, then the noise field would not be affected significanily,
except for radiation from the turbuience created by the impinging jet. Looking at Figure
65, if the source distence from the ground, 4, is great, then the radiation from the low-
frequency turbulznce generated b the deflected jet would not significantly affect the
general cc.iour shapes of the basic jet, except very ciose to the ground plane. In temms
of radiation efficiency, the primary sources of noise generation in the je* are lateral and
longitudinal quadiupoles (Reference 6). However, from Reference 20, it is concluded that
the radiation from a turbulent boundary layer above an infinite rigid plrne is of omni-
directional, quadrupole character. This is a very inefficient type of radiation compared
with jet noise.

Now, if the distance H is decreased to such an extent that the jet noise sources are buried
in the turbulence generated by impingement on the ground plane, the sound pressure levels
vill decreose markediy. This is exactiy what occurs when the jet is 3 dicmeters above the
ground plane. Maximum SPL decreases 10 decibels. This will obviously affect some
frequency bands to a greater extent than others.

An analysis in Reference 4 shows the affect on source output created by distance of the jet
exhaust and source location from the ground plane. /\ plot is also presented in Reference
4 which shows the effect of distance above the ground on radicied sound oressure levels.
(The decrease in level =xplained hiere was noted in Reference 4.)
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SECTION IV
NOISE CHARACTERISTICS OF FAN ENGINES

A. Introduction

-

Propeller and fan noise have been studied for more than 50 years. During this time the
near pressure field has been studied by Hubbard and Regier (Reference 21) and others
(References 22, 23, and 24). The almost universal adoption of the gos turbine engine
aircraft power plant has reemphasized the problen. of noise generated by propellers and
fans. Specific atfention is now retuining to the mechanism of noise generated by fans,
particularly as applied to axial-flow compressors, ducted-fan engines, and lift-fan
engines for VTOL aircraft.

Methods of predicting fan and biade noise have resulted from the research accomplished in
recent years. Lowson (Reference 25) has described the chain of cause and effect which
leads to sound radiated by compressors. The chain comprises unsteady compressor flow
components, fluctuating Elcde frrces, blade noise radiation, inlet and outlet duct modes
and duct-radiatzd sound. Once the forces on the blade rows are defined, the prediction
of the discrete frequency noise radiation is relatively straightforward. Theories by Kemp
and Sears (References 26 and 27) give blade forces due to interactions. Hetherington
(Reference 28) and Lowson (Reference 29) used these results to predict the ncise radiation
due to blade interactions. Methods described by Tyler and Sofrin (Reference 30) can be
used to shcw how the spinning property of the higher-order modes in inlet and outlet ducts
are coupled to the pressure patterns induced by rotor-stator interactions. The radiation
pattern from the end cf a flanged circular duct due to a specified spinning mode has also
been calculated by Tyler and Sofrin.

In summary, considerable research ha: been accomplished in the past few years in blade,
fan, and axial flow compressor noise, and some promising methods of reducing this type of
noise have been devised(see Reference 31). However, although tip-turbine fans offer
promising uses as lift and cruise fans for VTOL aircraft, very little has been done in
analyzing the noise from tip-iuioine fans. Rentzepis (Reference 32) made a theoreticai
study of the acoustic field of a tip-turbine fan, but this study was primarily concemed
with the far field. The tip~turbine fan noise field as regards ground effects is ill defined.
In addition, the jet noise coniribution to the whole noise field of the tip-turbine fan needs
better definition. Consequently, the purpose of this portion of the research investigation
was to gain a better definition of the noise fields from a tip-turbine for models including
both lift and cruise configurations.

B. The Physical Aspects

As shown in Figure 66, a tip-turbine fan consists of o turbine section that occupies the
outer ring of a concentric assembly, The fan section occupies the middle ring and is
separated from the turbine section by a sealing device. A core fills the remaining space.
Each of two annuli is made of a rotor and a stator section. Hot gases enter through a
scroll to the tip-turbine section, supplying the power to drive the fan. This motion of the
tip-turbine fan causes variations in pressure of the medium in which it is immersed, and
these fluctuations cause the generation of sound. The rotation of the blades gives rise to
various sources of sound such as rotational noise, pressure fluctuations due to interaction
of the rotor-stator assembly on the rotating pressure pattems, interference on stator wakes
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by the rotor, rotor wakes cut by the stator, aerodynamic vortices causing impulses of
periodic nature, and jet noise generated by the hot gases emitting from the tip-turbine
ring.

C. Model Tip-Turbine Fan Description

The model used for this investigation is an air-driven, tip-turbine fan designed to simulate
lift and cruise fan propulsion (Figure 67). It has the following specifications:

Outer Scroll Diameter 14.16 in.

Fan Blade Diameter 8.00 in.

Spinner Diameter 4.90 in.

Maximum Thrust 300 lbs.
Operating Temperature Range 70° to 1000°F
Low-Temperature Rotational Velocity Up io 5000 rpm
High-Temperature Rotational Velocity 5000 = 22,900 rpm
Number of Fan Blades 22

Nuiiber of Vanes 24

D. Test Description

———

Lift and cruise tip~turbine fans are basically similar except for ducting and guide or vector
vanes. The complete working model for this program was built as described in Section C.
Tests were made with the model tip-turbine fan in three configurations: shroud mount,
cruise fan, and wing mount,

1. Shroud Mount

The shroud-mount test arrangement is shown in Figure 68. As indicated by the photograph,
the shroud-mount configuration was set up with the tip-turbine fan exhaust impinging upon
a ground plane at nomal incidsnce. Ground-plane effects were detemined by recording
noise levels at each field point in a grid pattem. Seven microphones were mounted on a
mobile frame, as shown in Figure 69. The steel frame was set at a 7.5° line to a new
position behind the former position for each test run. The microphone locations formed the
grid shown in Figure 70, which was located just forward of the fan inlet and to the side of
the tip-turbine centerline. Sound pressure levels were recorded with the ground plane set
at three positions relative to the tip-turbine fan inlet. Table IV lists the test conditions.

TABLE IV
TEST CONDITIONS -~ SHROUD MOUNT CONFIGURATION

Test Inlet driving air Ground plane position Rotational Total
No.| Temp., OF | Press., psig | Inches | Diameters velocity, rpm | microphones
] 952 61 48 6 22,700 70

2 949 61 32 4 22,550 70

3 959 61 18 2.25 22,750 70

4 948 49 18 2.25 19,050 70

5 914 29 18 2.25 15,300 70

6 728 61 18 2.25 22,500 70
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SCHEMATIC OF SHROUD MOUNT CONFIGURATION

FIGURE 70.
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2. Crise Fan

Figure 71 is a schematic diagram of the test arrangement for the cruise-fan configuration
with ground piane, and Figure 7Z shows ihe tesi arrangement withoui gound plone. The
microphone array used for sampling the sound field was positioned just aft of the tip-turbine
exit plane at a 7.5° angle to the centerline (see Figures 71 and 72). Ground-plane
effects were determined by sampling the noise field in the grid pattern shown in Figure 71
and with the movable ground plane set ot two positions relative to the tip-turbine fan exit
plane . Table V below is a list of test conditions for the cruise fan configuration.

TABLE V
TEST CONDITIONS - CRUISE FAN CONFIGURATION
Test Inlet driving air Ground plane position Rotational Total
No. | Temp., °F | Presc., psig | Inches | Diameters | velocity, rom | microphones
7 960 66 18 2.25 22,890 49
8 958 66 48 6 22,850 49
o 955 66 None None 22,850 49
10* 708 68 None None 22,800 49
* 059 47 None None 19,050 49
12*% 942 30 None None 15,000 49

*Ground plane was removed for runs 9 through 12.

3. Wing Mount

This configuration consis:ed of a wing-mounted tip~turbine fan (see Figure 73). Seven
flush-mounted microphories are attachad to the simulated wing to measure the spanwise
distribution of sound pressure level. A movable ground plane was located in the exit flow
at three positions to determine the ground plane effects. Figure 74 is a schematic diagram
of the microphone grid pattern for measuring chordwise and spanwise sound pressure distri-
bution. Table VI lists the tesi conditions for this configuration.

TABLE VI
TEST CONDITIONS - WING MOUNT CONFIGURATION
Test | Inlet driving air Ground plane position Rotational Total
No.| Temp., OF | Press., psig | Inches | Diameters | velocity, rpm | microphones
13 963 62 None None 22,930 7
14 975 63 48 6 22,800 7
15 976 63 32 4 22,880 7
16 968 64 18 2.25 22,930 7
17 958 45 18 2.25 19,000 7
18 1000 29 18 2.25 15,100 7
130
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E. Test Results

1. Introduction

The microphone data recorded for the various phases ot the tip-turbine far tests were
analyzed using one-third octave band filters and then transformed into scund pressure ieve!
contours and other required plots. During the course of the data analysis, it was dis-
covered that a number of frequencies resulting from blade and stator vane combinaiions
were prevalent. The noise at these frequencies was associated with either the rotational
blade passage ar with the overlap patiern between blades and stator vanes. In general,
frequencies were found which correlated with the relationship mBn, where B is the number
of blades, n is the rotational velocity in rps, and 1n is an integer 1, 2, 3, .... The
spectra also exhibited compcnents of frequency which correlated with the expression

m(B £+ G)n, vshere G is the number of stator vanes.

2. Skrcud Mount

Two important rotational blade passage frequencies, 8,400 Hz and 26,000 Hz, were
present for this configuration. The former corresponds to the fundamental frequency, und
the latter corresponds to the third hamonic. Figures 75a, 75b, and 75¢ are sound pressure
level contours for 8,400 Hz frequency and Figures 76a, 76b, 76c are contours fo: 26,000
Hz. These contours represent the sound pressure level distribution for each frequency with
the tip-turbine fan in a shroud mount and the ground plane positioned 48, 32, and 18
inches, respectively, oft of the fan exit plane (see Figure 70). The microphones were
positioned in an array located just forward of the fan inlet, as shown in Figure 69.

A compa.ison of the contour plots in Figures 752, 75b, and 75¢, or Figures 76a, 76b, and
76c, reveals that influence of proximity of the ground plane on the sound field. !t can be
seen that pressure buildup resulting from the ground plane nearby was relieved by blow~by
around the turbine shroud. This distorted the sound field forward of the tip~turbine fan.

Consider a representative location in the blow~by distorted region of each plot. Position
4, channel 4, Figure 69, is centrally located in the grid and clearly reveals the effect of
the ground plane. The data for this comparison are contained in Table VII.

TABLE viI
GROUND PLAT EFFECTS
1
Reference Ground plane location ;  One-third octave F

figure SPL at MIC 'e‘};’e“"y

number Inches Diameters | position, db z !
75a 48 6 104 8,400
75b 32 4 i 110 8,400
75¢ 18 2.25 ' 112 8,400
76G 48 6 112 26,000
76b 32 4 116 26,000
76¢c 18 2.25 120 26,000

The contour plots, from which the figures showr in Table VII were taken, indicate that the
inner one-third of the plot had virtually n6 distarricn of the sound field. Mauximum
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distortion occurred, however, from 4 to 8 feet (6 to 12 diameters) outboard of the fan
shroud, and in this region there was a considerable increuse in sound pressure level as the
ground piane was moved nearer to the tip~turbine fan.

rigures 77 and 78 cre profiies of the ssund pressure ievel contours aiong a constant
microphor:e location line for three consecutive iest runs. The location of the ground plane
was changed for each run. Figure 77 is a plot of SPL versus X/D (distarce from the tip-
turbine fan in terms of diameters) for the 26,000 Hz noise. This profile plot clearly indi-
cates the buildup of sound pressure as the ground plane was moved nearer fo the tip-turbine
fan. Figure 78 indicates the same dependence for the 8,400 Hz noise.

Figures 79a, 79b, and 79¢c are narrow-band analyse- (2 Hz bandwidth) made to show the
frecuency content of the tip-turbine fan at microphone positions 1-1, as shown in Figure
69. Table VIII shows the calculoted rotational blade passage and overlap pattern
frequencies identified in the data.

TABLE Vill
IDENTIFICATION OF DOMINANT NOISE PEAKS
Blade Overlap Overlap Third blade

Test RPM frequency B-G frequency | B+G frequency harmonic

3 22,750 8,200 760 16,400 24,600

4 19,050 7,000 635 14,000 21,000

5 15,300 5,700 510 11,700 17,000
10 22,800 8,600 750 26,000 17,500
11 19,050 7,200 635 14,600 2i,900
12 15,000 5,450 500 11,000 16,500

3. Cruise Fan

Figures 80 and 81 are sound pressure level contour plots of the sound field measured under
simulated cruise conditions. Comparison of Figures 80a, 80b, and 80c, or Figures 81aq,
81b, and 81c showed no significant effect from relocating the ground plane. There was
only a slight change in the sound field characteristics as the ground plane was moved
away; of most there was a decrease in the field gradient at the oufboard edge of the grid.

Figure 82 is a plot of the 26,000-tiz noise displayed as SPL versus X/D for the cruise fan
configuration where the ground plane wos oriented parallel to the exhaust flow direction.
There was no evident influence of ground plane position on the measu.#2 sound pressure
level. Figure 83 indicates the same characteristics for the 8400-Hz noise.

Contours on Figures 84a, 84b, 84c, and 84d are cruise-fan configuration sound pressure
levels measured with a microphone array just off the fan exhaust flow field os indicated in
Figure 71. The only parometer decidedly changed from the test conditions of Figures 80
through 83 was the turbine iniet temperature (see Table V). Evaluation of these data
reveals no significant distortion of the scund field that might be related to the turbine fan
inlet temperature. Jet noise appeared to be dominant only on channels 3, 4, and 5 in
position 1; elsewhere the jet noise was highly attenuated or absent.

Figures 85a through 85d show representative noise measured from the cruise condition test.
These are one-third octave band analyses representative of the data used for the foregoing
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discussion  Both channel 1, position 1 (see Figure 71) of test 7 and test 8 shew a
predominance of turbine blade noise, while the plots from the same test runs tcken from
channel 4 show iet noise sound pressure levels almost of the same maanitude s the blade
noise.

4. Wing Mount Configuration

Figures 86 and 87 present sound pressure levels measured on the simulated wing surface at
the positions shown on Figure 74. Judging from the data of Figures 86 and 87, the span-
wise and chordwise distribution was fairly uniform and there was no noticeable effect from
relocating or removing the ground plane. Figure 87 shows that there was some shadowi
effect on the simulated wing due to the tailpipe (see Figure 73). Figure 88 displays three
plots similar to Figures 86 and 87, where only the engine rpm was changed. It appears
that a more severe noise environment was formed for the 15,000-rpm configuration.
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EXHAUST FLOW DIRECTION

FIGURE 80

EXHAUST FIELD CONTOURS OF TIP-TURBIHE CRUISE FAN SHOWING

EFFECT OF RELOCATING THE GROUND PLANE, 8,400 Hz
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FIGURE 86 SPL VS. AXIAL DISTANCE FOR VARIOUS GROUND PLANE POSITIONS,

WING MOUNT TEST, 8,400 Hz
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SECTION V
CONCLUSIONS

The following conclusions are drawn from this research investigction:

A.

H.

Sound pressure level contours have been measured and cutomatically plotted for a
range of exhoust Mach numbers and exhaust plane temperatures, which encompasses
the expected operational range of engines planned for use through 1977 .

A prediction method and a digital compurer program were derived which yield sound
pressure level contours for the overall and 3 cctave bands. The predicted contours
compare quite well with model and full-scale data.

A reiationsh'p ~as derived which indicates a method of reducing jet :ngine SPL in the
far {ield by increasing operating temperature and decreasing nozzle Mach number.

VTOL jezts were iested to detemmine the effect of distance to the ground plane >n
near-field sound pressure level. It was found that, as the jet approaches the ground,
the maximum SPL first increases and then is drastically reduced. The level never
exceeds the maximum level of u free-field jet af the same operational conditions.

A typical ejector configuration wos tested. If the pressure ratio and temperature are
in the correct range, sound pressure level is nct affected by installation of the ejecter
(+his conclusion concerns a short ejector). In certain operational regimes, a flow
resonance can occur, resulting in increased sound pressure level. A distinct tone is
emitted.

.t was shown that a reflecting ground plane has no effect on sound pressure levels in
the jet near field cpposite the ground plane.

A deflected jet shows two distinct source locaticns, but near-field noise levels are
reduced when compared to a free-field jet.

Sound intensities measured forward of a VTOL fan are directly related to the proximity
of a reflecting surface (such es the ground plane used in the shroud-mount fan test).
Noise in this region consists of the various blade-passoge frequencies and their
hamonics. .

Jet noise generated by the tip-turbine fan exhaust was detected only in the exhaust
flow field and only for limited locations. About 3 to 6 diameters aft of the exit plane

and just to the side ot the flow, the jet roise was found at levels almost as high as the
blade noise.

For the cruise-fan configuration, there was no significant increase or change in the
acoustic field measured aoft of the VTOL fan for varying ground-plane distance. For
the wing-mounted fan there also was no noticeable change in the sound field for
change ir location of the ground plane. Apparently the sound field along the wing
surface is subject fo turbulence and eddys, especially near the fan itself, with a
rather uniturm average level along the wing.




APPENDIX |
MODEL ENGINE DESIGN CRITERIA

It was required that the model jet engine be able to simulete existing jet power plants as
well as those being considered for the next decade. The parameters to be simuloted across
the exit nozzles were pressure ratios, temperatures, and Mach number (exit velocity).

A parametric study revealed that pressure ratios of 2.67 across the exit nozzles would be
required to yield the maximum Mach number requirements (Mach 1.50). In aoddition, gas
temperatures in excess of 3000°F were needed, wiih 3500°F being a desirable level.
Based on th= above parameters and an assumed air supply of 5 pounds per second, the
operating envelope shown in Figure I-1 was esiablished. Note that this envelope is based
on a given nozzle and will change slightly for othei nozzle configurations.

A variable-area exit nozzle was considered but not adopted because of its complexity.
Three different nozzles were designed which yielded a range of Mach numbers from subsonic

!0 Mach 1.50.

DESCRIPTION OF MODEL JET ENGINE DESIGN
1. Airlinlet

The design considerations for this section (see Figure 1-2) iiwolved such factors as flow
sepriatic 0, turbulence level, and associated pressure losses. Judgment was required to fix
the maximum allowable inlet air velocity consistent with the requirements. A maximum
Mach number of M = 0.20 at the gas generator inlet was chosen. This resulted in an inlet
diameter of 4.0 inches. The length of the inlet was also set at 4.0 inches, which aliowed
enough space for the installation of irstrunent probes (temperature and pressure) .

Note: If, due to unusual piping (such as flexible hose), highly turbulent flows
are introduced to the gas generator, it is recommended that the length of
the inlet section be increased to about 10 inches, allowing for the instal=-
lation of flow straighteners and turbulence-reducing screens.

Stainless steel {316, 321, or 341) was selected for the inlet duct to accommodate the 1000°F
hot-air inlet temperature and to provide protection against oxidation.

2. Diffuser

To keep the system compact, a diffuser wos used with an included diffusion angle of 20
degrees. A conical centerbody with four fins was then incorporated inside the diffuser to
prevent flow separation and to further reduce tuibulence. The centerbody also serves as
fI'I;e fu(lel manifold. The material of the diffuser und the centerbody is the same as that for
the inlet.

3. Fuel System

The fuel sysiem uses JP-4 fuel and consists of a reservoir, filter, pumg, thiottie, fuel
manifold, and fuel nozzle (Figure 1-3).
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FIGURE I-1. OPERATING ENVELOPE FOR MODEL JET ENGINE
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a. Reservoir - To keep refueling operations to a minimum, a 200-gallon system was
chosen. This consists of four 50-gallon dryms interconnected with o ¢common
manifold. For safety reasons the fuel tanks are located at least 50 feet from the
gas generator. The system provided for approximately 2 haurs of uninterrupted
running at maximum fuel flow conditions.

b. Fuel Filter - The filter wes required for the protection of the fuel pump and also
the fuel nozzle. A filter element of at least 20 microns was required with 10
microns being a desirable size. Caution must be exercised with a 10-micron
filter, because high pressure lcsses may cause fuel pump cavitation problems.
The filter requirements are 100 pounds per hour fuel flow af a maximum pressure
drop of 10 psi.

c. Fuel Pump - A capability was required to pump JP~-4 to 200 psig at a rate of
600 PPH. A jet engine fuel pump (Pratt & Whiteney JT-12) was adopted and was
driven by u hydraulic power cart.

d. Throttle - A simple needle valve was used to control fuel flow. However, it is
recommended thai for future operation a mere sophisticated system be adopted
due tu the unusual starting requirements of the gas generator (starts fuel rich, and
after ignition, a rapid reduction in fuel flow is required to reduce themal shock).
it is suggested that an aircraft engine throttle system be adopted with preset
starting and idle detent positions.

e. Fuel Manifold - The conical centerbody of the diffuser serves as the fuel
manifold (see Figure 1-2 and Figures 1~6 to 1-9).

f. Fuel Nozzle - It was desirable to use relatively low fuel pressures so that the
fuel system and its components would not become complex. The resulting fuel
nozzle flow-pressure relationship is shown in Figure 1-4. The nozzle is comprised
of six orifices, 0.030" diameter, discharging radially outward (perpendicular to
the engine axis) into the air stream. Due to the low pressure drop across the
oriflices, a conicol splash plate was installed over the nozzle to heip atomize the
fuel.

4. Flome Holder

The geometry of the flame holder determines to a large extent the flameout limits of the
gas generator, the temperature profile of the hot goses, and pressure losses. The flame
holder shown in Figure -6 was designed for minimum downstream disturbance. This
allowed a large portion of the combustion process to take place at the center of the gas
generator, yielding a hot core and a relatively cool outer surface which simuiates condi-
tions consistent with turbofan configurations. Another flame holder, not shown on the
drawings, was later designed to simulate afterburning turbojet systems. This flame holder
was similar in geometry to the first one but larger in size. The flame holders were
designed such that they could be moved upstream or downstream to locate their optimum
position.

5. lgnition System

The ignition system was composed of standard aircraft jet engine components and included
a 28-volt DC source, an exciter box (transformer), and o spark plug.
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a. Electrical Source - A power cart was used. It contained an elecfric-motor-.
driven DC generator which delivered 28 volts DC. An alternate power supply
using nickel~cadmium batteries rated at 28 volts DC could also be used.

b. Exciter (transformer) ~ This was a Pratt & Whitriey JT 12 jet engine part.

c. lgniter Plug - A standard JT~12 combustor spark plug was used.

6. Duct (Outer Engine Case)

The duct diometer of 7.00 inches was dictuted by the need to keep velocities inside the
combystion chamber between Mact 0.125 and 9.150 so that reasonable comoustion
efficiencies, blowout limits, and pressure drops could be expected. A duct length of
26.00 inches was chosen. This was slightly shorter than that consistent with optimum
conibustion efficiency (about 35.00 inches is desirable), but the overriding factor was to
keep the system compact. The design criteria for the type of material and wall thickness
were 500°F, 60psig, and a safety factor of four.

7. Combustion (Screech) Liner

The governing design criteria of the screech liner were combustion screech attenuation and

heat-transfer considerations. Previous experience dictated that 18 percent oper area through

the combustion (screech) liner would be required to preclude combustion screech. In
addition, the annular gap between the combustion liner and the outer duct is critical in
that it acts as an attenuation chamber as well os a cooling air passage. Here again,
previous experience dictated a gap dimension of 5/8 inch.

Transpiration cooling techniques were applied to the combustion liner, using 1/8-inch
holes in a staggered geometric shape as shown in Figure |-8. Heat transfer calculation:
indicated the liner would be subjected to a temperature as high as 18C0°F. Hestalloy
material was first sought for this part, but as it was not available, Inconel was substituted.

8  Exhaust Nozzles

The design criteria for the nozzles were established after a survey indicated the pressure
ratios and temperatures to be expected from powermplants of the next d-cade. The maximum
required pressure ratio of 3.67 was established by setting the required nozzie exit Mach
number to 1.50. This Mach number was anticipated to be the top limit expected from
propulsion systems that would evoive within the next decade

A variable-~area nozzle, considered briefly, was found to be too complex and expensive.
It was decided to pick three pressure ratios and design a nozzle corresponding fo each
pressure. Each nozzle would then be tested at constant pressure ratio with a temperature
variation. A single nozzle was designed to cover the subscnic speed range, including
Mach 1.00. The other two nozzles were designed for Mach 1.25 ard Mach 1.50,
respectively.

It was desirable that all nozzleshave the same exit diameter to facilitate the correlation of
acoustic data. This necessitated that the throat area be varied for each nozzle to obtain
the desired arza ratio.
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Isentronic fiow conditions were assumed in the design of the noz-les, although it was
ackhnowledged that tl is would res:'t in a slight overexpansion. However, this was
desirc:le, since an ejectar was & 1 2 incorporated behind the nozzles for some of the test
cunditions.

The design philosophy for the contour of the nozzles was that of simulating, as closely as
possibie, the actual jet engine exit. For instance, to achieve nearly perfect expansion
and optimum efficiency, the resulting nozzle would have been longer and heavier. The
longer nozzles would have generated a cooling problem in that the film-cooling techniques
used on nozzles are highly susceptible to length. In addition, "exotic" materials had to
be employed for the nozz{e due to the high-temperature requirements. This would have
added to the fabrication problems of the part. Therefore, a compromise was accepted on
the performance of the nozzle in order to partially satisfy the other conditions.

The f~!lowing simpie cosine function was chosen for the nozzle contour:
y=A+Bcosx .

Due to the requirement that the exit diometer was to remain constant for all three nozzles,
constants A and B differ for each nozzle. (The nozzle shape is shown in Figure 1-5 and

1-5.)

Considering the area ratio requirement for each nozzle, the resulting contour equations
were established as follows:

a) Mach=1.50, y = 2.557 + 0.944 cos x
b) Mach =1.25, y=2.605+ 0.895 cos x
c) Mach=1.00, y =2.625+ 0.875 cos x

The length of the nozzle was established by arbitrarily letting x = 4.00 inches when the
argument of cos x is 180 degrees.

9. Ejectors

The ejector geometry is shown in Figure 1-6. No attempt was made to control a specified
thrust agumentation or other parameter. lts purpose was to assess the qualitative acoustical
effects of a typical ejector. The geometry of the ejector was established by making
arbitrary assumptions.
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FIGURE I1-5. NOZZLE SHAPE
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APPENDIX 11
BASIC JET SPL CONTOURS

This appendix contains the contours for all the basic jet conditions listed in Table |. Some
of these curves are used elsewhere in the report for comparison. All are reproduced here
for ease of inspection.

166

b L




40045 = "dW3L ‘08°0 = “ON HOVW ‘SY¥NOLNOD 1dS 13r Disva  “ (-1 NI

“2s8W ,0 ‘uy 168 B8y v iquy

W 2:mieiadus 1 1wotquy % ) Apipruny 09" CON YI0W X3 ._a._rom(—.l::::
Séd s L0 13A 103 ¥ Rm'o:_:u:n::: $oO ytnoyx3y Ty T @TE T 4%i2wog §1X3 3jI2O0N
$¥Y313IWY UYL TYNOILY ¥340
S¥ILIWYIQ L1I1IX3 — 3IDONVYISIG 1YiXY S¥ILIWYIQ L1X3 — 3IDNVISIG IVIXY
0z | ol g 0 [ st 0z 13 [J s ] S
—+ -+ + -+ —+— — —+ + + ~+— 0

167

SYILIWYIQ LiXx3 < 3IDNVISIQ TviQvy

|

S¥ILIWYIQ 1EXI - IDNVISIO VIQVY

o—
4




(G*NANILINOD) Y6046 = “dW3IL ‘0870 = *ON HOVW ‘SYNOLNOD 1dS 13r Disve

"= NOId

“diew j6 cuy 168z *intteid aveiquy
Yy ] ai04010dway judiquy % | AvPruny 08" *ON Yoow 41x3 LR I.O_. _.l [LLELHY
Sdd 555 ESIELTT FARTE S ] uol’ﬂ!.;.o:&i-n 06 isnoyxy cuj 0%E 19jdworg 413 31xI0N
S¥313IWVYUYEYJ 1TYNOI1L1LY 3340
S¥ILIWYIG 1iIX3 — 3IDNVISIQO IViXY S¥ILIWYIA LIX3  ~ IDNVYISIT TVIXY
124 (24 111 ol 1 o [ 174 ¢4 1 ot < 0 §-
+ + —+ + —+ —+— - + —+ —- + + 0

\

“oorer - 0T Q) ‘aNvs 3AVIDO ~o0zed " -

!
\ i fo

Fst

:N

TORE ‘G 'GNYE JAVIDO

"

SY¥3L1IWYIA LI1X3 = IDINVISIQ IVIQYY

(.\

>\\ ,

R T ‘0 ‘ONvE 2AVED0 - T - “owg

‘Qy

‘ANYE IAYIO0

$¥3.2WYIQ (X2 - 3DONVLICIC TYIAvY

M st ittty a2

168




o

%

.
Throst — [y- Lbs,,

169

1260°R

0.80, TEMP, =

BASIC JET SPL CONTOURS; MACH NO.

FIGURE I1-2,




(QINNILNOD) ¥o09Z1 = "dW3L ‘080 = “ON HOVW SYNOLNOD 1dS 13r DIsve -1 R[NOIS

“3a5W jo "uy S0 &2 2intsaay Jusiquy

mol_d 2inj018dwa} jusIquy 9 T 08 Apprway 08" CON ydow itx3 ..n..-,f_. —.il isnay)
Sd4 - TZE1 ESTETTT FNRTE +1 %o reAl @injorsdwag 509 ysnoyxy Tuy ®c TiBjaworqg ysx3 e|zZOYN
S¥TLIWYVY IV I TYNOILY 3340
S¥ILIWYIQ 1I1X3 — 3IDNVISIC IVIXY SYILIWVYIQ LIX4 — 3IDNYLISIO IVIXVY
154 4 S ot - [} 13 114 74 4 [} s o <-
+ + + t ~+ <+ + o
»
>
2
s »
-
2
)
2
>
Zz
[al
o ™
'
™
x
=
°
»
4t 2
=
m
o
“
> 0Z
" 0
o
>
2
bs >
}4
o
@
4
>
Z
o
-
fou
m
x
3
€
z
TSL ™
iy
m
I
«
o Q) ] 00801 ‘ar *anve avino ¥ %
QEE - 00691 Q3 "ANYE JAVLIOO 00891 g8

170




(@3NNILNOD) ¥o/18Z = "dWIL ‘(¢ 0 = "ON HOVW ‘SYNOINOD 1dS 13r DIsve  “£-11 NS4

uuuuuuuuuuuuuuuuuuuuu

M
\\ / ﬁ ]
7~

& 4
a.w.... “aNYY IAVLL d

mmmmmmmmmmmmmmmmmmmmmmmmmmmm




YoEP6T = "dW3IL ‘0870 = *ON HOVW ‘SYNOLNOD 1dS 13r DIsve  “#-11 WNOI4

T2 jC V| TLGEE 2unts8gd JUeIquy

1, ro sinjoiadws] jueiquy % 73 Anplwny "l *ON YydoW §Ix3 ‘199 JNHW\.—] sy
3dd (554 LYTELTT FNRTE £ Vo e sinjosedway 09 yshouxy *y .S.n.w.‘l._:-:.u_o Hx3 spTTION
S¥313WY AV d TYNCILIY ¥3 40
$YI1IWVYIC EIX3 -~ 3IDNYISIQ IVIXY $¥3LIWVIA LIX3 = 3IDNVYLISIQ TvIXY
s (24 St ) s 0 $- 74 o st ol 1 0 $-

/

+— + —+ — — + —t — -+ o
3

S¥FJIWYIQ 11X ~ IDNVISIO Tviavy

=

N o 5 7/ \\\

!

S¥ILIWYIQ 11X3 - 3DNVISIO IvIQYY

173




(@INNILNOD) ¥ce¥6Z = dWIL ‘08°0 = “ON HOVW ‘SYNOLINOD 1dS 13r ISV

“v=11 [NOI4

TIINW jo U eI T sansseuy Jusiquy
3,779 sinioisduws 1 judiquy % "Gy Asipyuny 06 CON YIOW 11X3 °2q9 IN—. —.ll seay)
Sdd Se0e 12A 3 [’ 5z sinjosedwe} 1095 ytnoyxy .:_ls.n 1848wo (g 1153 3|TTON
SY¥ILIWV IYJ TYNOI11VY 31340
SYILIWYIQ 11X3 — 3IDONVISIQO IVIXY S¥ILIWVIAQ L.X3  — 2INVLISIQ IvIXY
74 14 St ot < 0 S- sT 24 &l ot H ] §
+ o + + + + + 0

40—

- _oom ‘s ‘ONVR 3AYIDO

[ S1

P + 0
‘s “ONVE IAYLIDO ¢

S¥ILIWYIO 11X3 =~ IDONVLILIQ IVIOVY

SYILIWVIQ 1IXT - IDNVISIO TVIOVY

174




e s <o PO

¥oSZS = "dWIL ‘00" L = *OMN HOVW ‘SYNOLNOD 1dS 13r Disve

“G-11 [NOH

TOIBW 36 tu| TTTTgTg difstasg jusiquy
EN Yo 2inriossdwe) udiquy ® " ] Apipruny w1 TON YIOoW 41x3 ..AJIFN—.I::::
I A1120j3 A 41%3 ¥, 7 #inj0i3dwe ] 1095 ysnoyxy cuj 05°¢C 18 pwo1Q 4ix3 Bj2TON
S¥3ILIWY ¥V I TYNOILY 3340
S¥ILIWVYIQ LIX3 — 3IINVLSIO 'viIXY SUILIWYIQ LIX3 — 3IONVYISIQ TVIXY
24 0 St O S 0 s 174 4 St ol < 0 $-
~+ +- + + —+ -+ na —+— + + 1}

/]
.\\

__ ;

ors - D0Zv ‘a3 ‘ONVE IAVIDO

-+

b Cl

SY3LIWVIQ £IXI - 3DNYISIQ WIQvy

)

F oL

S¥ILIWYIC 11X3I = IDNVILISIC IvIAVY

0088 - 0501 ‘g ‘ANVE 3AVIDO

175




A e

(QINNILNOD) Y6526 = “dWIL ‘00" | = “ON HIOVW ‘S¥NOLNOD 1dS L3r Disve

‘G- }_NOIS

*dudW jo ‘uy 6T *iN11eg usiquy

3,7 " sinjoiedwel JusIGuy o« M Appjwny TH
Sdd SZil 4113018 A 11x3 1 18 SIS binipavdus) 09 Jtnoyxy
S¥3L1L3Iwyvyayvd TYNOLILLY N3O
SNILIWYIQ LiX3  — 3IDNYLSIQ IVIXY
124

*ON YoowW 11x3

Sl V4 B ILHY

T osT‘IPWRQ ix3 8jzzON

S¥ILIWYIO LIX3 = 3IDNVISIQO IVIXY
ot

“w
=3
w

S¥ILIWYIQ 1IX3 - IDMNVISIG TvIAVY

O - O ‘94 ‘ONV9 IAVLDO

IDNYILISIQ Tviavy

SAILIWVIQ LiX3 -

—em | —— .~ ¥,

ORI - 0% " ‘ONvVE JAVID0 J

176




Yo06Z1 = "dW3L

[

00° L = “ON HOVW ‘SYNOLNOD 1dS 13 DIsve

9=l NOL

L TR rror- e SULIT IR T [
L T Aipruny 00"t "ON ydow 1x3
] e sinjoredwse) 09 ysnoyxy Tuy ) 1950W0 4G

1TYNOILY¥3ILdO

VRS 42} ALt

14x3 eqTEON

S¥ILINVIO 11X3 — 3IDHVISIA IVIXY SUILIWYIA LIX3 — IONYISIQ 1VIXY
21 st ot s R 5 5z oz <1 o1 § [ 5
+ + + i -+ —+ + e — 0
-
»
4
»
x
o
-
A
z
— (2]
a
\
S 7 B
e g x
\ AV L) a\e\ z
7 s
\ ts %
T
-
\ \ [
bd
f. \ / \ | .
oo - By Qi “ONYE 3AYID0 oy - 0IE Q) ONYE 3AVLD0
+- —— it + - —~+ -+ 0

\

v =

—

I
- ts
Fol

(Y

SYILIWYIQ LIX3 < IDNVISIC 1vIgvY

177




(@3INNILNOD) ¥00621 = "dW3L ‘00" L = *ON HOVW ‘SYNOLINOD 1dS 13r DIsve  *9-11 DI

"dieW jo °uy
sinjoandwe| Jul quy % ] Aipruny

EYEELIY FNRTE S xo owN‘—sll
S¥3I LIWY IV

S¥ILIWVICG 11X3F —~ IDNVLISIO IVIXY
$1

0
-+ +
+

[}
1}

_T

\
00t '¥EL - 00CZ ‘03 "ONYE IAVLDO

TTO00EE - 00891 'G5 ‘GNVE 3AYIDO

»in18014 Jusiquy

01 TON ydowW 41x3
#i0josedus] $0O itNoyx]y

TYNOIL1Y ¥340

ST (14 st

SY¥ILIWYIQ LIX3 ~— 3IONVYILISIQ IvIXY
0i < 0

‘80 I‘.vw —.l ILLYITY

33 1% w0 1g 41%3 syTTON

\

L)

\\\\N@&

/

i

T 'ar ‘ONVYE IAVIDO

b oL

1 st

% (24

DS - oOVE ‘G 'ONVE " 130 b

oL

15

SIILIWYIQ 11X -~ IDNY 'S IVIQVY

SYILIWVIQ LIX3 - IDNYILISIJI IVIAVY

178




i

I T AN RN B sts o e

¥oE£Z8Z = “dW3IL ‘00° L = “ON HOVW ‘S¥INOLNOD 1dS 13 DIsve

-1 RANOI

-

[
-
»
o
=3 »
>
©
p
¢
»
r4
[a)
]
.
-
x
ot
o
»
s 2
n
2
2
d

14
-
»
°
>
z
o
-
x
»
r4
[a)
2
.
-
x
-
(=4
b
z
H
=
-
5
z

-

179




(@3NNILINOD) ¥o£28Z = "dWIL ‘00" L = *ON HOVW ‘SYNOLINOD 1dS 13F DIsve /-1l }NOI4

uuuuuuuuuuuuuuuuuuuuu

((((((((((((((((((((((((((((((((((((((((((((((((((((

4
- ——t 0
zc

N r\\
0 \\ A

7,

1
To0eg T - T oo%eE NV

/)

5T - o 20

e 0085

L

5

180




L

¥oS16Z = “dW3L ‘00° 1 = “ON HOVW ‘SYNOINOD 1dS 13r DIsve

"8-11 [NOI4

"oiaW je ‘v TRYTET ¥Ansseuq jusiquy

4,75 T #anjossdwsy qusiquy 9% V73 ~Ajiprwr g 001 CUN YOOW 41X} “sq - Nhﬁl enayg
Sdd TTiieE Aprsojep 41x3 ¥, T EE 2injo18dwey 0O SNDYXJ fu) %t 13 %wo 1 $ix] & 220N
S¥313IWVYIVYL 1Yy NOLILLY $2340
S¥IIIWYLEQ 11X3 — 3IDNVYISIO IVIXY SYILIWVIQ LIX3 — 3IONVISIQ TVIXV
2 oz 4 o1 S 0 5 T 24 St ot S [ $
+— -+ —+ + —t —+— + —+ —t- + o

S¥ILIWYIQ 1IX3 - IDNVISIO TvIQYY

SH¥ILIWVIEQ LIXT =~ IDMVYISIC IVIQVY

Tooeesr - T ®EOT ‘G AN 13AYADO

181




(@INNILINOD) ¥oS16Z ="dW3L ‘00" L = “ON HOVW ‘SYNOINOD 1dS 13r DISvs

"8-11 NSO

3. dusy jue,q L Tamwr; Ligprwny 071 TON YIoW %3 ‘199 NR _.I. LAUEL P
Sed w5 ~3[30|0A §IX] Yo Y3 sinioiedwe] 109 ysnoyxy "Vl TRETE T deiswe 1Q 11x3 s1z2ON
S¥ILIWVY IV TYNOILY¥340
S¥ILINVIQ LIXF = 3IONVISIC 1vIXY SYILIWYIQ LIX3 — 3IJINYISIQ TVIXY
74 oz L T 24 H ol §
+ — + * + o

TII0W jo "u| “Tgigp

N

\

‘94 ‘ONYR 3AYIDO0

|

vInEERI, Juequy

e

jﬂ |

1l

N

-

S¥ILIWYIC LIX3 - IDNY 519 viavy

nt
TRD - TRRE ‘08 ‘anvi AV T

ray t
SRE |§.—.I Qi "ONVE 3AYIO0

+=

S3IILIAVIA LI1XI - IDONVLSIA ivIavy

TR - O e 'anNve 3AVI%0

82

1




Y0085 = "dW3L ‘SZ° 1 = "ON HOVW ‘SYNOLNOD 1dS 13r Disve  “6-11 3¥NOI4

“3i0W 46 ‘Ui THR - “iNIsie ueiquy

3,7 siniciedun) susiquy o T T ARl A AN ydow (X3 ‘133 IRNl LALELTS
Sed “TTgpyT T AHI9018A 41x] Vo TGRS SUNi0Iedwey 109 tnoyxy TR aeewR 10 41xd #(TTON
S¥ILINWYVY YUY TYNOIULLY ¥3140

S¥IIIWVIQ LIX3 — IDNVYLSIQ TVIXY SYUILIWYIQ 11X3 = 3IDONVISIO TViXY
174 [}4 St ot 1 [ $- §T 14 1 at 14 13

183

S¥ILIWYIQ LIX3 - IDNYISIC TviovY

ﬁ

S¥313IWVIA 1iX3 - IDNVYiSIQ Tviave

+

+
T - TTRe e ONYR 3AVIS0 Tongsr - T ORol 'l "ONVESAVIDO x
. — -




(@3NNILNOD) ¥,086 =

"dW3al ‘Sz L =

"ON HOVW ‘SYNOLINOD 1dS 13r DIsve

“6-1 [NDIS

213N e Uy £5762 SinttRIg JuRquy

*ollllm.nAlq 2100 8dwa) Jusiquy N .|Wf4l:.n_. H a'lmul_..' OGN ydow $1x3 L8] Nhiw{l 150ayy
Séd T T f1r20jap 11x3 L P — T ®injolsdwe] SO 1IN0y« .‘c_ll.ﬂil.v.-ie_o iix3 djzr0N
S¥ILIWY YV 4 TYNOILY ¥34d0
’ SYILIWVIQ 1IX3 — 3IDNVISIO IVIXY SYILIWVIQ LIXT - 3IDNVLISIQ VIXYV
sz 0¢ st o $ [ < [ 4 st ol 3 0 s-
+ + + + + + + + + + + + —t0
e ont
- 2 1
. \\, I o TR
"0 / \ /1.\ pn /z \\ / 4
9 ! \ \ / e S ¢ =
/ / - e o) ] .
e =
. e/ / \ s s a_\ z
\ \ - \ - P R N
) - .
| / - / e / a
, ,
] / | A T
4 \ / d / s/ M
f ) g >
. \ \ S— \ | N~ =
AN o ,
~ . 4 2
/ \ 4 :
1]
-~ / z
»
P J e e — u + 07
TToor vt - 0029 (0 "ONVE 3AVIOO0 OIS - TToostE . 'O “aNVE 3AVIDO
+ + + + > + ‘ + + + 0
: JC
, IV .\«\ M a7t~ \\ .
, avyoét N .7 ~ - 544//:« »
o A \ S S \ i _\ j / \. I \\\ 4 . 2
\ S ~ \ \ 4 3 . <L | ,, - B ~ - By .w
\\\\ , // \ \ \ [\t O ; - / ' - T ~ \ V2 o
. .~ - - 4 \ P - . -
. / ! yd \ T r - \\ %
/ ; \ i __ _._ \ 7 \ \ \ » ﬁ m/ N ~_ - - - m
/ ) i \ e / - e o
S A A / I e a "
‘ /) \\ " N - / / - — T
A - ' ‘ =
/ . \ ]
; »
Y ta 2
o
-
=
>
. v e gy 4oz
“OREE T T0o8ST "' 'GNYS 3AYIDO 00891 - T Bove ~ ) ONvd 3Av1D0

- Y

184




A09EL = "dW3IL ‘S° 1 = "ON HDOVW ‘SYNOLNOD 1dS 13r DIsve

“oL-11 [NOIL

EEXT VAR

FINIT31g 1UGIquy

€8 8
3,77 T mmeedusy ausiauy 8 T AR ey T T TON $ow i A 47 ALY
S44 Aﬂmxl Levujap 1ixy xo'lvoﬂ_..ﬂ-.:.c:neo_ 109 jthoyxy :.Ilcn.n TaRjewd1Q 123 dyxz0Y
SY¥I I INVY UV I TYNOILYNIaO
S¥ILIWYIQ LIX) —  IDNVISIG 1vIXY SYILIWVIQ 1IXI - IDINVISIQ TVIXY
44 0z St o $ [ - 24 14 ol s 0 <-
+ + + + + + + -+ e et ()
\
6t RN t;s_., : o @ 3T ATBR
1S Ea R &/. . S PN v PTAN N o
PR o s .ﬂ Lonatate ) s¢’ >
’ ] 0 - o
FS »
. » -
et ' ’ T ‘ 2
[+ . ve =
. »
’ z
- n
P o T
A1 . . -7 m
' ‘ x
. =
w' o
»
" L / st X
" ¥ { =
~ S 2
-
S——
e, | e la
oryCl - 3029 ‘A1 TONYEIAVINO BZZ9 T - TToBRE . (U ONYE 3AYIDO
+ + + + + + + + + + + + 0
T L 3 B
. groseRe 3 o b 'a2
- N
’ any . -y ALt M g
- ) * 20 R w7 e >
Fes . FS o2
=4
e net . %
: 'Y >
: : z
wy e a
-
\ 4 2 o
[
-
=
- =
’ \ 3% 2
»
4 a =
)
-
=
o4
\ . )
\ ¢
a - l
| P
TR T - TG0 '0r ONYe3AVI20 6059y~ - Toove ‘0 “anveaavizo T %

185




—

(@INNIINOD) ¥o09C1L = "dWIL ‘SZ° 1 = “ON HOVW ‘S¥NOLNOD 1dS 13 DIsvE

"OL=11 NSO

JieW e vy TTTEETESTT 21ms8ug iusiquy

i, F7) 2100298 wN) U iquy - ,l(ym‘.x..v_iax ——F ~ 6N YIoW 41x3

oo - 002y 'ay  ‘GNVE IAVIDO i i T

sT L TGy T LT el

$33 T gy T AR by ¥, TTgRET T iniciedwey 509 ysnoyx) ‘uy g 4eieweiq aix3 syrzoN

s LIWYVY 3 vy 4 IYNOIYLY ¥3 40
S¥ILIWYIG LIXI — IINVISIO TVIVY S¥IlIviviQ tI1X3 = IDNYLISIQ IVIXY

sz 5 14 [ M ot 3 [ <-
+ —+ +— ~ —4— + 0
¢ S
4 ]
si
———mm = e e e + 0

-— + + -
+

\

(L4

/

T R 2113

ANYE JAYIDO i T

‘Q)

GNY§ IAVIDO

IDNVSIQ TvIQvYy

S¥ZLIWYIQ LIX3 -

FONVISIQ IV CYY

S¥ILIWVIQ LIX3 -

86

1




Yo90€ = "dW3L ‘SZ°1 = "ON HOVW SYNOLNOD WS 13r DIsve - Li-1] 3NOI4

-—

TIIBW GO | T eETErT T #0884 jusiquy
4, e T 2 macaadws) usiquy % T I Ay prwny T TON weew ) ..a._lmle 10y
Sd3d v‘ﬂM‘nt\.l Ajr1d0jap 1iny ¥ T TTERGE sinjosedwe) 6O shoYyx] uj On.nll.-.o_cu.o 1y szION
S ¥ 31 IWY ¥V TIYNOILLY 3340
S¥ILIWVIC Li¥3 — IDNVLISIO VIXY S¥ILIWYIQ LIX3 - 3IIDNVYLISIQ TvIXY
T oz Sl ol < 0 S~ ST 24 Si ot $ [ [
. N . — " +
- —— —+ + + + —~+- ~+ + + 0
»
/‘l\ >
o
- 2
= 7 * 150k
=4
v
A
>
z
[a)
[T
re/ '
"
>
! =
o g
»
d s &
ot
-
=
f {4 o
38/ |
Oo¥g - T (ozr

Wy ') "L v IAVID0

oL

SY¥ILIWYIA 11X3 = IDONVLSIO WVIgYY

TOWIET - T GRG0 (ONYE JAVLIDO

187




DS wEnmn e + A

(@INNILNOD) ¥o690€ = "dW3L ‘SZ° L = *ON HOVW ‘SYNOLNOD 1dS 13r DIsvE L 1-tl 38NOI4

e 4e v Eo'az  *1N1se1g svsiquy
3T T samicasduay qus uy % T Ty T Aupwey TG T TON oW g r1g° QMN ERTLYIT
Sa1 ~g5p T Aisojen s ¥, TR Sniesedus | 100 dnoyxy TR e wer 1vx) Spateny
SUILIWY UV L ITYNOILY ¥IdO
S¥ILIWYIQ LIXI -~ IDNVISIQ IVIXY S¥ILIWVIO LIX3 = IDNVISIO IVIXY
5z oz St ot $ 0 - sz 0z s1 ol s [ $-
— -+ — ~+ + 4 + + + + + + + [
. ATTERITA 11! N 1
. - LAl w - C.s\.ﬂw&ﬁ att
PR ' o W .o s fd
LWt ale ki L e . N ' »
A APE P L . N o
) + , : {s =
. - 7 ‘ \ -
LY =]
ht ‘ %
' . ! »
i ny Lo z
- A D
t - s . , o
/ ~
. ! >
[T 37y a2
nt =4
o z o)
. a % o
- —_—
o =
=
R oS
Lol
al
e e e apy s 3 e, 40z
oyl - O Q4 'ONVE 3AVID0 %9 - Toome . 'QF ‘GNYE IAVIDO
— —+ + + -+ + + —+ + +— + + [
PRI . 9
_nDaudl \ e s.‘.*vw '
wt . n .
Lo N ! - ) . s o ?
oL a3 "o wit o owie o
K3 - . -
[\ e 1 " awn re »
o, £ o
- ' 4
v ! ! Feal »
z
n
n
. rov
~
P L RA - x
, 2l g wet 1 nt ]
o at 3%, .
nY 2
>
3 . a &
o
-
=
2
J
[ ‘) e T 3 i 4y do
OOBEE - OO 91 ‘ONvR 3AVIDO 00891 - "00vd Q4 'GNYE IAYIDO
. 0 %8 00t




Yoll9€ =

“dW3l ‘Sz 1L =

*ON HOVW ‘SYNOLNOD 1dS 13r D15v8e

211 [NOIL

g

0 U
Séd lm.umllx_.ua_-> %y
S

2iniossdun] sudiquy “ =

“3iew 46 tug

"

Yo T uer

¥ilIWY XY

54313 ¥iQ LIXT =~ 3DNVISIG VXV

Apiprwny

e

vy - R

" + + + N

+

‘s ‘aNve IAVID0

l

=

‘Qp ‘GNYS IAVIDO

-

Tees  2INIeId svere uy

e T Banpisdwey 0O ysnoyxy

T ToN y2aw Lixy

TYNOILY ¥340

SYILIWYIQ LIX3
n H| oL

vy vmmN ~aseayy

I TToe g tiwerg 1red sjaToN

= IDNVYISIQ 1ViXY

b St

0\

(\\\\\\

— osol T ‘o) oz: JAYLDO0

St

SY¥ILIWYIQ LIXI - IDM7YLSIC v IQVY

S¥3.IWYIQ 11X3 - IDNVYLSIy TViQvY

189




(QINNIINOD) Yoll9€ = "dWIL ‘SZ° L = *ON HOVW ‘SUNOLNOD 1dS 13r DISvE

‘L= 3_NOId

(| mm— —

3inaniddwa| Judiquy

I R T XT3

oy —

21035329 Juaiquy

° 7¢ Y GpIwoy A SN YODW H1x3 *1q ~ MWN emhayy
sdd l?;nMwal Apidopaa nxgy xo.ldmnfnl.v;.o.ums: 0O Ithoyxy . _"Imm ml! IPdwoI() 4uny 3j220N
s ¥4 111wV v d 1TYNOLLIY ¥240
SYILIWVIC LIX3 —~ 3IINVISIO IVIXY S¥ILIWYIC LIX3  — 3IDNVISIQ WVIXY
ix4 [114 Sl oL S 0 1 sz (44 S ] 11 2 §-
+ + + + B e et 2d -+ — + + + + [
~ e iy - \
N P .:.:: . R : TR
. . o o »
PRI o m R o ot >
[t ' u' @
4 tS »
. 40t -
2
. - b
. P 4
o v z
3% I8}
] A o ™
RL .
-
x
nir =
) -2 (<]
st >
Lo %
i
-
%
-
.
e e gy F e v e 1y RE
. OV Ivel - 0% Q) “anNve IAVID0 02y - T obete OF atvE $AVID0
+— + + + + e s — + + + —— + + 0
- T I Zhe vl
n . -
S ate Wi oo ’ >
WSt M R =4
1 Q1Y s x
t M <
- v
%
- b
4 z
31 o -
(TR
. 5
B . =
ol o at
°
»
E a X
ppal
_ﬁ
e ey oz
L OOE - TG INYR IAVIDO 00891 - 00¥E ANV IAVID0
— - nsiie

190




¥o095 = "cW3L ‘47" L = "ON HOVW ‘SINOLNOD 1dS 13r DIsve  "€t-ll RANOIS

CIN L U T T TTT aunsiRug qudquy

mb'!ﬂl' 3i1n40i3dwe) 1 3i1quy e nilqollnx..):::x 4.’ ON ydoW 1'x3 37 .BNMI:\:_:
(X Matrvorany Arisojap Hixy ¥y (3 #1n0IsGWI| tO0 IINDYX] TUp Ty T awiswo g 1ixg spIToN
$¥ 3L IWY NV 4 VY NOI1LVY 33ILO
SY¥ILIWYIQ 1IX3 — IINVISIQ IvI¥v S¥31IWVY,Q LiX3 — IDNVISIO IViIXV
T 74 5t ol S 0 s- $T 74 St ot S 0 S-
-~ + -+ + . + + + - 0

by

SH¥TLIWVIC LIX3 - IDNVYISIC IWVIQYY

- - + 0z

SY¥ILIWYIQ LIXT = IDINVILISIQ TVIQVY

191




(@INNILNOD) 46096 = "dWaL ‘6F° L = "ON HOVW ‘SINOINOD 1dS 13r DIsve

L= [NOIL

T3 jC vy

4, (3] sinivasdwe] jusiquy -

) Liprwny
sed -7 Aoy 4ix3 ¥,

S¥ILIWY AV

S¥IIINYIO LIX3 — 3IDNVISIQO TVIXY

0

S

-

@ 2Insseid tusquy

oS5t

05 sanjossduwa ) s09H J1noyx3y

TYNOILY ¥340

*oN ydow 41x3

"9y .NNN ~asnayg

tuy 05°E 1B0w0NQ 41ad ByX20N

SYILIWYIED LIX3  — IDNVLISIC IViXy

+ 0z

- TWRETT ‘0 ‘an L 3AVI0
0T e

RS - TOoR ‘44 “anve 3Avido

al

st

4oz

S¥ILIWYIQ LIX3 < IDNVLSIQ IviIavy

- 3DNVYiSIQ 1viaYy

$¥3LIvivia 11X3

192




20

15

AXIAL DISTANCE -~ EXIT DIAMETERS

AMETERS

s .
€ &
-2 i
L = @
3 4
z 0 H
- >
Qo 3 &
- O
2 -
- X ¢
« £
£
- «
w
-

“ ®
T 2
s
oM
O~
M
. !
-
N3
82
z £

193

1.51, TEMP. = 1360°R

BASIC JET SPL CONTOURS; MACH NO.

FIGURE H-14,

T s o o b N R AR R 4R BT RO SRR G

v A
PTROTREMREAY Sl b G5 b ko o AR




(GINNILNOD) ¥o09€! = "dW3L “1S°1 = "ON HOVW ‘S¥NOLNOD 1dS 13r Disve  “¥L-1} 3¥NOILd

194




OCTALE BANF, D, P T R )

420 -

, OCTAVE JAND, 13,

10
EXIT DIAMETERS

—

AXIAL DISTANCE

2100 -
)7

g

o

z

<

=

s

<

8

+ ¥

o Ll o 4]

vo*

S¥ILIWVIQ 1INI - IDNVYLSIO 1vigvy

$¥313WViQ 1IX3  IDNVISIQ TvIQVy

195

PARAMETERS

25

20

OPERATIONAL
1.50

15

Bt Maeh No, .

12
- EXIT OVAMETERS

BASIC JET SPL CONTOURS; MACH NO. = 1.49, TEMP. = 1985°R

350
(9

AXIAL DISTANCE

473

Nozzle Exit Dicmaeter

Theust

FIGURE 11-15,



(@INNILNOD) ¥oS861 = "dWIL ‘67" L = “ON HOVW ‘SYNOLNOD 1dS 13 Disve

“G1-1 3NOId

LETLIT AN

V)T (T #arstaug qusiquy

BOMEE ~ ~00FST ‘) ‘ONvE 3AVIDO

£ 5 asnjossdwa) jusijuy % mnlllx._v:._)r T ToN ydow 4ix3 “1q7 T T sy
1dd 88.C Apid0qa A 4ixy Yo " gE T *iMoiadwa, to9 J3ADYX] Tuy OC°E " Asidwoiq 1§ e TION
S¥ 3 . IWY IV L TYNOILY ¥T3I4O
S¥ILIWYIQ LIX3 ~— IDNVYISIO TVIXY S¥ILIWYIQ LIX3 — IDNVYLISIO 1TvIXV
oz st ot < 0 s $14 24 St ol < [ $
- + — + —4— ~— <+ -+ + [}
I
>
/ °
+ »
b4
2
21 4
>
z
o
4 ~
LA D}
m
x
A\ =
°
»
2z
B
r4 -
m
»
"
‘o) g
OrYEl - 0029 ANYE 3AVLDO
; _ + —_ "
-+ + <+ + 4
A
/39 T
~=/|\ »
>
/ <
* >
4
2
Z
>
r4
o D
+ K
m
x
\ <
=4
»
z
\ .ﬁ m
A
-
B
v

196




o A0 3 A AT T A il 14 1 At e
! -
o09¥Z = "dWAL ‘1671 = “ON HOVW ‘SYNOLNOD 1dS 13r Disve  “91-11 3¥NOI
“caew §c 6L 2iNs1dig duriquy
T8 °imossduay juarauy ——r " Aiipwny BT w LT Rt 7 MR LLIL T
dd TRRE A0 A 11x) ¥, TSR M4nipsedwe) 109 inoyxy v TR 9 ovg 1ix |
.....................
S¥ILIVIVIA 11X3  ~ IDNVISIQ wvixy  SEIIWYIQ LIXZ — JINVILSIQ TvixXy
24 $i 1]

i

=

/

N EREANERA 8 S LR AR U Ko s 0 MR e

197




S¥ILIWYIA 1IXT - JINVISIC Ivigvy

S¥ILIWY IO 1IX3 ~ IDNVISIA IVIQYY

} {a
4+ } &
S
S ———
1. ~ - .L )
+ 40
E §
3
) ]
# r El b »
g g
8 8
1 42
V 48
1 le
i {e
2 g
§ ;
) .
% §l } ",
g s
g + g 40
Y Fl
8 8
+— —+ —— —+ — +— + + -

AXIAL DULTANCE — EXIT DIAMETERS

FXIT DIAMETERS

AXIAL OISTANCE

Exit Velecity 38 __ rps

"
-
w
"
- o
w
b3
«
-«
< o
P
a 3
°
-
.
a
3
- .
<« =
o
z O
o 3
- °
<
- %
<
-
-
a
o]

——if,

Nezzle Exit Diamsts.

Theust _.382 . Lbs,

Exit Mach No, . 1.50

mperature __68 ___

ont T

Ambl

Humldiey 82 %

of Merc.

esaure 29,20 4,

Amolent Ps

198

BASIC JET SPL CONTOURS; MACH NO. =1.51, TEMP, = 2460°R (CONTINUED)

FIGURE li-16.
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H. Results

This subsection includes discussicn of the analytical analysis and all jet noise tests.

1. Besic Engine Configuration

The tests conducted with the basic engine configuration are unique from the standpoint of
parameter variations made. The data have been semi-empirically correlated to exhaust
local Mach number and exhaust temperature. All previous data have been correlated to
exhaust velocity and have implicitly left out a temperature effect, except for its effect on
exhoust velocity.

The exhaust velocity is expressed as
V= cMa T2 M (17)
and, therefore, exhausi velocity is proportional to the square root of temperature.

Evaluation of Equation {15) at 8 = 90° and substitution of the values of the functions C] ’
C2, C3, and K]TSM“ gives (units are in (psi)

-8 2.47 ,,4 2.65,,4.89
r T r

One very important result in the for field (r>> 1) is given by

1.54 ,,6.34

-8 7 M

52=4.63x 10 (19

r

If variations in the ratio of specific heat at cons<tant pressure to specific heat at constant
temperature, k, are neglected, the speed of sound in the jet is

c;=49.4 VT (20)
Substitution of Equation (20) into Equation (19) gives
) 13 c?.08 Mé.34
72=2.84x 10 >
r
or (21)
6.34

p2=2.84x 10713 Yoy
C. r
|

This shows but slighi disogreement with the final expression of Hermes and Smith (Reference

2) who find
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